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ABSTRACT
High demand for energy from clean and renewable energy sources such as wind and solar have
made the necessity for efficient energy storage systems. This has catapulted energy storage
research on batteries and supercapacitors. These storage technologies, i.e. batteries and
supercapacitors (carbon-based electric double layer capacitors), fall short, however, in terms of
power performance and in their ability to store energy density, respectively. Pseudocapacitors
combine both the features of batteries and supercapacitors. They possess high rates capability, and
can store much more energy than a supercapacitor, although the ultimate performance of these
devices strongly depends on the intrinsic properties of their constituent elements and their
eventual architectural design. Thus, we have explored more economical and feasible way to
develop multi-cationic oxide materials, namely, MnCo2O4, NiCo2O4, NiFe2O4 and Zn-Ni-Co
oxide as pseudocapacitor electrodes.
The first part of this thesis looks into MnCo2O4 nanoflakes that were synthesized successfully via
a hydrothermal technique in different morphologies depending on the amount of NH4F. The
MnCo2O4 nanoflakes in combination with graphene nanoplatelets was deposited on Ni foam using
an electrophoretic deposition technique. The as prepared composite electrode showed superior
performance in terms of specific capacitance and cycling stability, as compared to the pristine
MnCo2O4 system, due to the enhanced electronic conductivity resulting from bond formation
between carbon and MnCo2O4. A high specific capacitance of ~ 1323 F g-1 was observed at 1
mV·s-1 scan rate. Noteworthy cycling stability was observed, even at the end of 10000 cycles of
consecutive charging and discharging at a current density of 7.81 Ag-1.
The second part of the thesis focuses on NiCo2O4, which was considered to be one of the most
promising materials for pseudocapacitor applications, although its unsatisfactory rate performance
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and cycling stability, due to its inherent low electrical conductivity, has limited its further
development as a pseudocapacitor electrode. Our study tries to profitably exploit reduced
graphene oxide (rGO) nanosheets as a conducting unit across the NiCo2O4 matrix to improve its
overall electrochemical performance. This is done through a simple hydrothermal technique. The
as-prepared NiCo2O4-rGO nancomposite consists of NiCo2O4 hexagons wrapped in conducting
rGO sheets, which ensure a short ion diffusion distance, percolating electron conducting
pathways, and stable structural integrity. Such a feasible design provides good synergism between
the rGO and the NiCo2O4, resulting in better electrochemical performance. As a result, this
nanocomposite displays an impressive overall electrochemical performance, such as a promising
capacitance (1185 F g-1 at a current density of 2 A g-1) and remarkable cycling stability (98%
capacitance retention after 10000 charge-discharge cycles at 2 A g-1). This facile method could be
beneficial for preparing similar materials that require high electronic conductivity. The third
section is an investigation of NiFe2O4 (NFO) nanoparticles embedded on graphene capsules (GCs),
which were synthesized by a simple hydrothermal technique. This NFO–GCs electrode material
was subjected to different types of electrochemical performance evaluation to investigate its
feasibility as a pseudocapacitor electrode. The as-prepared NFO–GCs nanocomposite electrode
exhibits a high specific capacitance of 1028 F g-1 at a current density of 2 A g-1 and 94%
capacitance retention at the end of 10000 cycles of charge–discharge, whereas pristine NFO
electrode shows 720 Fg-1 specific capacitance with 88% capacitance retention. The high specific
capacitance, good rate capability, and excellent cycling stability of the NFO–GCs composite can
be attributed to the effective synergism between the GCs and the NFO. The superior
electrochemical performance of the NFO–GCs nanocomposite demonstrates the possible
application of this material as a working electrode for fully functional pseudocapacitor devices.
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The final part of the thesis focuses on porous Zn-Ni–Co oxide/CNTs (ZNCO) hexagonal
nanoplate. This material is particularly interesting because of their large surface areas, easy
electrolyte access to electrode, efficient electron transfer, fast ion transport, and good strain
accommodation. Moreover, the electrochemical tests indicated that the as-prepared
composite showed a positive synergism between the CNTs and the porous ZNCO,
resulting in good pseudocapacitive behaviour in terms of high specific capacitance,
excellent rate capability, and good cycling stability. These advantages, along with the ease
of processing, make this (ZNCO-CNTs) composite a potential candidate for supercapacitor
applications. In particular, these CNT wrapped multi-component metal oxides with a
homogenous structure exhibit high specific capacitance of 2360 F g−1 at a current density
of 2 A g-1 and a remarkable cycling stability of 96% capacitance retention over 10000
charge-discharge cycles. The ZNCO nanocomposite shows the maximum power density and
maximum energy density of 355 W/kg and 50 Wh/kg, respectively. The as-prepared Zn- Ni-Co
oxide CNTs nancomposite consists of Zn- Ni-Co oxide hexagons wrapped in conducting
CNTs which ensure a short ion diffusion distance, percolating electron conducting
pathways, and stable structural integrity. Such a feasible design could also provide good
synergism between the CNTs and the Zn- Ni-Co oxide, resulting in better electrochemical
performance. As a result, this nanocomposite displays impressive overall electrochemical
performance. This facile and feasible method could be beneficial for preparing similar
materials that require high electronic conductivity for supercapacitor applications. Thus the
main objective of this thesis has been to explore new electrode materials for pseudocapacitors as a
solution to the ever-rising demands for better performing devices exhibiting longer cycle life and
improved safety.
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current densities of ZNC-22CNTs hexagonal nanoplates, and d) charge/discharge curves of ZNC
at different current densities.
Figure 6.14 a) CV curves of the ZNC and ZNC-22CNTs, b) charge/discharge curves of ZNC
and ZNC-22CNTs hexagonal nanoplate composite, c) electrochemical impedance spectra, d)
cycling performances of ZNC and ZNC-22CNTs hexagonal nanoplate ,and e) Ragone plot of the
ZNC- 22CNTs nanocomposite.
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CHAPTER 1
Introduction to energy storage devices
1.1. Research background
Access to electricity through energy storage has become a basic need. Electrical energy
generated in plants are transmitted to households and industry through electrical grids. The
amount of generated energy and consumed differs with time, thus efficient energy storage
devices are required to fill this gap. Since energy consumption is not stable throughout the day or
throughout the year due to multiple reasons like weather, each such power plants is different in
e.g. energy sources, output capacity, response time to demand, rates of efficiency, time of
operation, infrastructure, and operation and installation costs. Based on these requirements,
power plants can be categorized [1] into base load power plants, load-following power plants,
peaking power plants, and intermittent power plants.
Base load power plants have large output capacity and are usually dependent on fossil fuel or
nuclear fission. When these plants produce constant power, they can be efficient and easy to
manage [2]. Peaking power plants, which are generally gas turbines and generators, are
expensive to operate but can compensate for varying output at short notice. These are not
operational year-round. Hydroelectric power plants fall in the third category where the load
response to changes in demand is intermediary to the base load plants and peaking power plants.
They are capable of supplying extra power during peak times because of their ability to curtail
their output during the low period of demand. Finally, the intermittent power plants are the ones
that run on solar and wind energy sources, and the output is determined by the availability of the
source, i.e. strong winds or intense sunlight.
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In all of the above cases, base load plants, that comprise the great majority in energy generation,
need good storage devices to reserve the excess energy which can be utilized for future use. The
case for intermittent power is also more or less similar, as there may not be sufficient load to
dissipate power during the time of distribution. The need for wind and solar power is crucial in
the long term, where it can be made feasible only when there is a suitable and efficient energy
storage system. Some of the suitable features of an energy storage device for the power plants
are, ability to manage high power (power density), retain the same amount of energy for a
considerably long period of time (energy density), and give back most of the stored energy for
multiple times (efficiency and cycling ability). Besides grids, energy storage devices have other
applications as well. [3] They can act as backup providers in the case of power failures, have the
ability to manage power surges or voltage spikes, which might cause damage to the sensitive
equipment at the consumer end, and are able to supply consistent amount of power for
consumers who are off-grid [4-7]. While many advanced technologies exist in the energy storage
field, this thesis work mainly focuses on multi-cationic oxide based pseudocapacitor storage, due
to its superior energy storage capability, rate performance and cycling stability.
1.2. Types of Energy Storage Devices
Capacitance based energy storage has the benefit of providing superior power performance as
compared to batteries, which can store a relatively larger amount of energy. Thus, utilization of
both kinds of energy storage systems can help to maintain an appropriate balance between the
amount of energy stored and delivered per unit time.
1.2.1. Capacitors
Capacitors store energy in the form of charge in an electrical field formed because of the
conducting electrodes. In general, the capacitors release the charge stored in this electric field
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very fast, with high power, but they cannot store the charge for longer time, resulting in very
limited energy. Figure 1.1 shows the most common capacitors (electrostatic capacitors), which
comprised of two conducting electrodes, and an insulating layer called dielectric in between. On
applying an external potential, charges build up on the surfaces of the conducting parallel
electrodes, which are insulated by the dielectric layer, thus creating an electric field. This
generated electric field allows the system to store energy [8].

Figure1.1. Schematic diagram of a parallel plate electrostatic capacitor [8].
The total capacitance of such electrostatic capacitors can be obtained through the equation:

(1.1)
Where, Q is the charge stored and V is the applied potential.
In the case of change in applied voltage. The capacitance can be obtained through equation:
(1.2)
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For a capacitor with two parallel plate electrodes having a surface area A, separated by a
dielectric with a permittivity (

charge density (

and thickness (d). The voltage can be

expressed as an integral of the electric field with respect to the spacing:

(1.3)

By comparing equations (1.1) and (1.3), the capacitance of a parallel plate capacitor can be
written as.

(1.4)
Thus, to achieve high capacitance, three important tasks are required: a) find a dielectric material
having a high permittivity, b) reduce the distance between the conducting electrodes, and c)
develop new electrode materials with high surface area. So, the appropriate candidates for the
electrode materials to achieve high capacitance are carbon based materials with high
conductivity, and porous structure, for example, activated carbon, graphene carbon aerogel,
carbon nanotube etc [8, 9]. In general, the highly porous surface possesses superior surface area
with charge storage capability even in a limited sized device.
For an energy storage system, two primary performance characteristics are specific energy
density and specific power density. The energy stored in a capacitor can be calculated as:

(1.5)

While the power density can be obtained through:
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(1.6)
In a conventional capacitor, the power density is generally larger than 5 KW kg-1, with a very
low energy density of 0.01-0.05 Wh g-1. Compared with other energy storage devices such as,
batteries and fuel cells, capacitors can be charged and discharged quickly, but cannot store the
charge for a long period of time, i.e. it cannot store a large amount of energy [10, 11].
1.2.2. Batteries
So far, batteries are the most common energy storage devices a for wide variety of applications.
A battery is a system that converts stored energy through reduction and oxidation reaction from
chemical into electrical energy form. A common battery contains one or more electrochemical
cells. Each such electrochemical is cell comprised of two electrodes, which are electrically
connected by a conductive media called electrolyte. The electrolyte consists of negatively
charged ions called anions and positively charged ions called cations.
The polarity of a cell is identified by the transport of the anions and cations. In the charging
process, the electrode with anion transport is called the anode or negative electrode, while the
other electrode with cation transport is called the cathode or positive electrode. Generally,
batteries are powered by a redox reaction with reduction of cations at the cathode and oxidation
of anions at the anode. Generally, based on their charging ability, batteries are divided into two
kinds: disposable or non-rechargeable and rechargeable batteries. Non-rechargeable batteries,
like Zn/C batteries and alkaline batteries, have higher energy density than rechargeable batteries.
However, they convert their chemical energy into electric energy in an irreversible way, thus it
can only use for one complete discharge. On the other hand, the rechargeable batteries like
lithium ion, lead-acid, nickel/zinc, nickel metal hydride, nickel-cadmium, etc., can bring back the
original composition through multiple charging/ discharging process.
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Currently lithium-ion batteries (Figure 1.2) represent the best electrochemical cells, with a high
energy density of 120-170 Wh/kg, moderate weight, and no memory effect as well [8,12]. In
spite of their high specific energy, the lithium-ion batteries and their substitutes suffer from low
charge-discharge rates or low power density. Generally, the anode of a commercial lithium-ion
cell is made of graphite or other carbon material. Typically, the active cathode material is a
lithium intercalated compound such as iron phosphate, cobalt oxide, manganese oxide, and or
nickel oxide. The lithium ions can migrate into and away from both electrodes. During the
charging process, the lithium ions move into the graphite anode. In the discharge process, when
connected to an external load, the ions migrate back to the cathode. The lithium ion is highly
reactive and can react with water in the electrolyte to form hydrogen gas and lithium hydroxide.
Thus, organic electrolytes and a well-sealed packaging method are employed in lithium ion
batteries to minimize the possibility of dangerous reactions.

Figure 1.2. Schematic diagram of a typical LIBs [12].
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1.2.3. Fuel cells
As shown in Figure 1.3, like batteries, fuel cells convert the energy in chemical form to electrical
form. Fuel cells do not need recharging, however, in general, the by-product of the reaction is
environmentally benign (e.g. water and heat). If the fuel supply is sufficient and consistent, these
cells can work in an ideal way with good reliability and without the need for replacement.
Moreover, these cells do not have any intermediate combustion step, like in thermomechanical
methods, thus result in a high energy conversion efficiency (40%-60%) [8,12]. Thus, fuel cells
have become a clean, reliable and more economical solution for power sources. Among all the
commercially available energy storage systems, fuel cells demonstrate one of the highest energy
densities, which is typically above 500 Wh/kg. However, the low power density is always an
obstacle for using these systems in high power applications.

Figure 1.3. Schematic diagram of a proton exchange membrane fuel cell [13].
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A fuel cell generally consists of 3 components cathode, anode, and electrolyte. The main
difference for different types of fuel cell is the electrolyte. Commonly using electrolyte for fuel
cells are polymer membrane, aqueous alkaline solution, and ceramic oxide based. The most
common fuel cell technology is the hydrogen proton exchange membrane (PEM) fuel cell. When
hydrogen is supplied into the anode side, a catalyst helps to oxidize it, and causing the formation
of hydrogen ion (protons) and electrons. The PEM is developed in such a way that the design
allows positive ions to move through to the other side, so that electrons build up on the anode
side. When it connected with a load, the electrons will pass through the external circuit to the
cathode and blend with the protons at the anode in the presence of oxygen [13].
1.2.4. Supercapacitors
Due to the low power performance of batteries and fuel cells and the critical requirement for high
power energy storage devices, increasing attention has been directed towards supercapacitor
devices. Figure 1.4 presents the schematic illustration of a supercapacitor device. Similar to
conventional capacitors, supercapacitors are constructed from two high surface area electrodes
(cathode and anode). These electrodes are immersed in electrolyte and the separates is used to
block the electron flow and allows the ions flow through it. The external electric field, separate
the positive and negative charges and these charges build up on the surfaces of both electrodes.
Because of the natural opposite charge attraction, ions in the electrolyte diffuse through the
separator and penetrate into the pores of the electrodes. The electrodes are engineered to prevent
the recombination of ions. Thus, a double layer of charges is formed at both the electrodes. To
achieve higher energy density and capacitance, porous materials with larger surface area and
thinner distances between electrodes are desired in supercapacitor electrodes, based on their
energy storage mechanism [14, 15].
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Figure 1.4. Schematic diagram of a supercapacitor [14].
Thus, the capacitance and energy of the supercapacitors are much higher than the conventional
capacitors. In addition, these devices have low equivalent series resistance (ESR) value as
compared to the normal capacitors, hence it can maintain a very high rate and power
performance.
A pseudocapacitor is a type of supercapacitor that is generally a hybrid between a battery and an
electric double layer capacitor (EDLC). Here, the charge storage occurs by means of chemical
and electrostatic processes. The chemical process occurs because of the charge transfer resulted
from the redox reactions. The charge transfer mechanism in a pseudocapacitor is similar to that
in a battery, but the charge transfer rates are generally higher due to the utilization of very thin
redox electrode material or lower electrolyte ion penetration into the structure. Because of these
two different processes of charge storage, the values of specific capacitance are higher in
pseudocapacitors as compared to the conventional capacitors.
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1.3. Comparison of Energy Storage Devices

Figure 1.5. Specific power versus specific energy, also called a Ragone plot, for various
electrical energy storage devices [16].
Figure 1.5 shows the Ragone plot of different power devices. This is the standard way to know
the energy and power performance of different devices [16-21]. From this plot, we can observe
that, the supercapacitors have very high power as compared to batteries or fuel cells, with
relatively low energy density. This means that the supercapacitor can be charged /discharged
quickly thus can have higher power performance, and it can storage moderate energy. Batteries
and fuel cells can store very high energy, but can have very low power performance. On the
other hand, the conventional capacitors can have much higher power performance and much
lower energy storage capability than the supercapacitors. Thus, the supercapacitor bridges the
gap between the batteries and conventional capacitors.
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Table 1.1. Comparison of capacitors, batteries, fuel cells, and supercapacitors [22-24].

In short, supercapacitors can have more power than a battery and can store more energy than a
capacitor. That means a supercapacitor can be charged and discharged very fast and at the same
time can maintain a reasonable energy density. Thus, it can offer many benefits in peak-power
delivery applications, like regenerative braking, uninterruptible power supply, electric vehicle
acceleration etc. Here, the charge storage process is a physical one, thus it does not have any
chemical or phase change. So, the charge-discharge cycles can last for large number of cycles
[20, 21]. Also, these systems can be operated over a wide range of temperature. Table 1.1
compares the performances of different energy storage devices [22-24].
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1.4. Motivation of the Research
The major drawbacks of the existing supercapacitors are their low energy performances and high
cost. To meet this, extensive research needs to be carried out to improve the existing
technologies. The main objective of this research should be the enhancement of the
electrochemical properties of the supercapacitor devices. The key parameters that should be
subjected to enhancement are the potential limit, specific capacitance, cycle life, power and
energy density. In this PhD thesis work, nanostructured composites with different morphologies
have been prepared by using hydrothermal techniques. In all stages of the present study,
morphologies, crystal structures, and electrochemical performance of the composite electrode
materials have been systematically evaluated for supercapacitors. The significant results and
notable outcomes are briefly presented below:
Chapter 1 is an introduction to energy storage devices, and Chapter 2 explores the literature on
supercapacitors. In this Chapter, the fundamental concepts and principles of supercapacitors are
presented, and the electrode materials and electrolytes for supercapacitors are also systematically
reviewed. The overall experimental methods are introduced in Chapter 3.Which elaborates the
preparation of MnCo2O4 nanoflake − graphene nanoplatelet composite, reported here for high
performance supercapacitor electrode applications. Chapter 4 tries to profitably exploit reduced
graphene oxide (rGO) nanosheet as a conducting unit to enhance the electronic conductivity of
NiCo2O4, by a simple hydrothermal technique assisted by ammonia hydroxide, which is also
intended to improve the overall electrochemical performance of NiCo2O4 in supercapacitors. The
as-prepared NiCo2O4-rGO nancomposite consists of NiCo2O4 hexagons wrapped in conducting
rGO sheets. Chapter 5 reports a novel structure of NiFe2O4 (NFO) nanoparticles embedded on
graphene capsules (GCs) by a simple hydrothermal technique. This NFO–GCs electrode material
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was subjected to different types of electrochemical performance evaluation to investigate its
feasibility as a supercapacitor electrode. The electrochemical properties of the as prepared
materials were evaluated by cyclic voltammetry and chronopotentiometry technology in 2 M
KOH solution. Chapter 6 deals with the preparation of highly porous Zn- Ni-Co oxide
CNTs nancomposite consists of Zn- Ni-Co oxide hexagons wrapped in conducting CNTs
by a simple two-step approach including a hydrothermal method and subsequent calcination
process. The porous structure is beneficial for enhancement of electrochemical properties,
including the specific capacitance and cycling stability.
Finally, a general conclusion is given in Chapter 7, which contains the main achievements,
challenges for an in-depth understanding of the improved electrochemical performance of the
electrode materials based on many advanced characterization techniques, and the outlook for
future developments in this area.
1.5. Research Summary
As compared to the normal capacitor, the most important property of a supercapacitors is its high
energy density. Different types of materials are available for supercapacitors, such as carbon
based, transition metal oxides, conducting polymers etc. Development of different kinds of high
performing supercapacitors are continuing worldwide. The researchers have made excellent
progress in improving electrochemical performance. But the main drawback is its high cost and
low energy density. The best way to address the cost issue is to use less expensive materials, like
carbon blacks and low-cost metal oxides. Thus, development of novel electrode materials that
are less expensive and environmentally benign in nature has been progressing rapidly. This can
be achieved by utilizing the latest materials design technologies, unique synthesis strategies, and
advanced characterization processes. Nanostructuring is the best way to improve the energy
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density of the material. Thus, the aim of this present study is to develop low-cost, nanostructured
electrode materials with different morphologies. This is to find out the possible ways to enhance
the electrochemical performance of the materials. Furthermore, the development of electrode
materials for supercapacitors should focus on:
1) High specific capacitance, energy and power density.
2) High rate capability and long cycle stability.
3) Less expensive and safe to use.
4) Good structural integrity, higher reactivity, and better reversibility.
5) Environmental friendly nature and simple processing technique.
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CHAPTER 2
Literature Review

2.1. History and Development of Supercapacitors
Supercapacitors are also known as ultracapacitors or electrochemical capacitors. They are static
electrochemical devices which can store and release energy rapidly leading to high power
densities of 10kW kg-1 [1]. Supercapacitors have higher energy densities (about 5 Wh kg-1) than
conventional capacitors but have lower energy densities than lithium ion batteries. The energy
storage in a supercapacitor is either through the ion adsorption at the electrode/electrolyte
interface (electric double layer mechanism) and/or due to electron transfer between the
electrolyte and electrode through fast Faradic redox reactions (pseudocapacitance) [2].
Supercapacitors can be used in a wide range of energy capture and storage applications. They
can be used as a primary power source in uninterruptable power supplies (backup supplies used
to protect against power disruption) and load-levelers (backup power for memories,
microcomputers, clocks, system boards, etc.). In combination with batteries and fuel cells, they
are likely to be used for electric vehicles [3]. In 1957, General Electric first introduced and
patented the concept of a capacitor that used high surface area carbon which worked on doublelayer mechanism [4]. In 1966, the Standard Oil Company of Ohio, Cleveland (SOIHO) invented
the first supercapacitor device which later in 1971, NEC (Japan) commercialized it under
SOIHO’s license. However, after the 1990s, supercapacitors started drawing attention with its
use in emergency doors on an Airbus A380. This proves its reliability, safety, and performance
for large-scale applications [5] and has been designated as important future energy storage
system [6].
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2.2. Basics
Supercapacitors have attracted attention, mainly due to their high power capability (typical
discharge time: 60-120 s), excellent reversibility (90-95% or higher) and long cycle life (> 105
cycles). They essentially bridge the gap between traditional dielectric capacitors (high power
density) and batteries (high energy density). Supercapacitors exhibit ~20-200 times specific
energy density than the conventional capacitors [7-9].
2.2.1. Capacitance measurements
The ultimate charge performance of a supercapacitor is primarily governed by the intrinsic
capacitance of the active material [10, 11]. This capacitance can be calculated using following
equation (Equation 2.1).
(2.1)
Here, C is the capacitance, q is the total amount of transferred charge, and V is the applied
voltage. Specific capacitance can also be expressed as the amount of charge transferred per unit
mass (F g-1), surface area (F cm-2), or volume (F cm-3) by the following equation.

(2.2)
Here, Cs is the specific capacitance (F g-1), I is the charge-discharge current (A), m is the active
material mass (g), s is the specific surface area (cm2), ΔV is the potential window (V), and Δt is
the discharge time (s).
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2.2.2. Energy density
Equation 2.3 shows that the energy stored is proportional to the voltage squared. Thus, one of
active areas of research focuses on increasing the potential window [12].

(2.3)

Here, Es is the specific energy density (Wh kg-1) or (Wh L-1), Cs is the specific capacitance (F g1

) or (F L-1), and ΔV is the potential window.

2.2.3. Power density
Power density of a supercapacitor is usually reported per unit of mass(W kg-1) or volume (W L-1)
following Equation 2.4.

(2.4)
Here, Ps is the specific power density (W kg-1) or (W L-1), Es is the specific energy density (Wh
kg-1) or (Wh L-1), and Δt is the discharge time.
2.2.4. Cycle life
The cycle life indicates the number of charge-discharge cycles a supercapacitor can be subjected
to, before it experiences a serious decline in measured capacitance. Cycle life is also an another
important criterion which differentiates supercapacitors from batteries.
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2.2.5. Measurements for systems based on the two-electrode configuration
Relationship between specific capacitance, (Csp), energy density (E), and power density (P) can
be obtained by the following equations 2.5, 2.6, and 2.7, in which, Csp is the specific capacitance,
Id is the discharge current, ΔTd is the discharge time, V is the potential difference during
discharge, excluding the portion of the iR drop, and m is the mass of one electrode [12]

(2.5)

(2.6)

(2.7)
2.3. Classification of Supercapacitors
Supercapacitors can be classified into three types depending on the charge storage mechanism
and the active materials that are used to fabricate the device. They can be caterogized as nonFaradaic (electric double layer), Faradaic (redox reactions), and/or a combination of both [13]. A
non-Faradaic mechanism or electric double layer does not use chemical redox mechanisms
unlike faradaic processes which involve the transfer of charge between the electrode and
electrolyte. Rather, charges are spread out on the electrode surfaces by physical adsorption
processes that do not involve any redox reactions. An electric double layer capacitor utilized
high-surface-area electrode material which is the most common and least costly. The charges are
accumulated on the electrode surfaces during charging. Following the electrostatic attraction of
unlike charges, oppositely charged ions in the electrolyte solution diffuse into the pores of the
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charged electrodes resulting in a double-layer of charge at each electrode surface. These double
layers on large electrode material surface areas achieve much higher specific energy densities
than conventional capacitors [14, 15]. No chemical changes or formation of compounds are
associated with the EDLC mechanism. For this reason, the charge storage mechanism in EDLC
is highly reversible which is up to 106 charge discharge cycles. On the other hand, batteries have
limited cycle life, up to 103 cycles. The second category, known as pseudocapacitors (one that
involves faradaic reactions), uses fast and reversible near-surface reactions for charge storage
[16,17]. The pseudocapacitors use transition metal oxides, metal hydroxides, and conducting
polymers as active electrode materials which allow them to achieve greater capacitances and
energy densities than carbon based EDLCs [18-20]. The pseudocapacitor can store energy
through both faradaic reactions and electric double-layer storage mechanism. The final category
is the hybrid capacitors, which combine a capacitive or supercapacitive electrode with a battery
electrode. They utilize both faradaic and non-faradaic processes to store charge. Researchers
have classified the hybrid systems according to their electrode configuration: composite,
asymmetric, and battery-type, respectively (Fig. 2.1).
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Figure 2.1. Classification of supercapacitors.
2.4. Application of Supercapacitors
In applications where ultra-fast charging and discharging of high currents is required,
supercapacitors will supply the necessary power to the system [21, 22]. This gets complemented
by the main batteries which can supply the necessary energy over a longer period of time and
improve the life cycle of the battery. Supercapacitors can accommodate high load demand by
placing them in parallel with the battery terminals. They can be also used to improve the peak
load performance of portable fuel cells. The applications of supercapacitors are increasing and
22

articles on supercapacitors appearing in business and popular magazines show interest of the
general public in this topic [23-26].

Figure 2.2. Applications of supercapacitors [27].

2.5. Energy Storage Mechanisms
2.5.1. Electrochemical double layer capacitors (EDLCs)
The charge-storage mechanism in an EDLC is based on the reversible adsorption of ions from
the electrolyte on to the electrode surface [28]. The surface area and electrochemical stability of
the active material play important roles in the effective capacitance of the material. The
Helmholtz model uses these two factors to describe the mechanism according to Equation 2.8.
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(2.8)

Here C is the capacitance, A is the surface area of the electrode, εr is the electrolyte dielectric
constant, ε0 is the dielectric constant of the vacuum, and d is the charge-separation distance.
This model does not take into account the ion diffusion into the solution, [29]. Gouy and
Chapman refined the Helmholtz model by introducing a diffusion model for the double layer
where the accumulation of surface ions is a function of distance from the electroactive material
(i.e. metals in their studies). They also reported that the electric potential decreases exponentially
with distance from the surface. But their model failed to explain the behaviour of highly charged
double layers. This was explained by Stern who came up with the idea of combining both the
Helmholtz and the Gouy- Chapman models where he explained that few ions can indeed adhere
to the surface of the electroactive material known as internal Stern layer, while others form a
Gouy-Chapman diffuse layer. (Schematic representations of all models are given in Figure 2.8.)
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Figure 2.3. Double-layer models for a positively charged surface: (a) Helmholtz monolayer,
(b) Gouy-Chapman diffuse layer, and (c) Stern model, showing the inner Helmholtz plane (IHP)
distance of closest approach of specifically adsorbed ions and the outer Helmholtz plane (OHP)
where the diffuse layer begins; Ψ0 and Ψ are the surface electrode potentials and the potentials at
the electrode/electrolyte interface. [30]
The Stern model simply assumes that all interactions are Coulombic in nature. In this model, the
viscosity and dielectric permittivity are constant throughout the double layer and all ions are
treated as point charges. Since the charge-storage mechanism is electrostatic, it was assumed that
no redox (faradic) surface reactions can take place which means that EDLC cannot suffer from
the swelling problems typically associated with batteries and pseudocapacitors, and can retain its
original capacitance over millions of cycles with little or no decay. According to this model,
electrochemical kinetics through polarization resistance cannot limit the performance of an
EDLC, leading to ultra-fast charge-discharge processes resulting in higher power performance
compared to batteries and pseudocapacitors but poor energy density. This also meant that there is
no limitation in the choice of solvents for EDLC leading to much wider temperature windows.
2.5.2. Pseudocapacitors
By relying on redox reactions, pseudocapacitors can exceed the specific capacitance and energy
density of carbon-based EDLC electrodes but suffer from capacitance loss, thereby making it not
suitable for applications where stability and long cycle life are required. Pseudocapacitor
electrodes can be categorized into metal oxides (eg: RuO2, Co3O4, NiO, MnO2, and Mn3O4) and
conducting

polymers

(eg:

polyaniline,

polypyrrole,

polythiophene,

poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate, and their derivatives). RuO2, is the most
commonly used metal oxide because it shows three distinct oxidative states, which are accessible
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in a 1.2 V potential window [31, 32] of acidic electrolytes. The electron transfer in acidic
medium during redox reactions is known to be fast and reversible (see Figure 2.4).

Figure 2.4. Typical reactions of RuO2 in electrolyte [32].
The electro-adsorption of protons on the surface of RuO2 results in specific capacitance values
over 600 F g-1. The most common problems which RuO2 and other metal oxide electrodes
(except for manganese oxides) encounter are the high toxicity and the high raw material costs.
Since, the potential window of these materials is limited to around 1 V, they cannot be used for
applications with high energy demand. Nevertheless, efforts have been made on increasing the
capacitance of these electrodes. Nanostructuring of electrodes has been applied to increase the
capacitance. Many research groups have developed different strategies to increase the specific
surface area and consequently increase the specific capacitance of these metal oxides.
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Although, conducting polymer exhibit high specific capacitance values over a wide potential
window of about 3 V, they suffer from lack of stability during cycling when used as electrodes.
These pseudocapacitor electrodes accumulate charges through redox reactions which not only
increase the specific capacitance but also extend the working voltage [31, 32].
compares EDLC and pseudocapacitance characteristics.
Table2.1. Comparison of EDLC and pseudocapacitance [11].
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Table 2.1

2.5.3. Hybrid capacitors
Hybrid electrochemical capacitors (HECs) are asymmetrical combination of an EDLC anode and
a pseudocapacitance cathode. HECs exploit the relative advantages of EDLCs and
pseudocapacitors to realize better performance characteristics. It has been demonstrated that such
a combination can take advantage of both faradic and non-faradic processes for high capacity
charge storage with excellent electrochemical properties [34].
2.6. Supercapacitor Electrode Materials
2.6.1 EDLC Electrode Materials
A wide range of carbon materials such as carbon fiber cloth [35- 37], activated carbons (ACs)
[38, 39], carbon aerogel [40, 41], carbon nanotubes (CNTs) [42, 43], and graphene [44-46] have
been investigated as electrodes for supercapacitors (Table 2.2). Although, surface area of carbon
as high as 3000 m2 g-1 was recorded, with pore sizes ranging from macropores (> 50 nm), to
mesopores (2-50 nm) and micropores (< 2nm) [47,30], the recorded capacitance values are not
always quite as high as that of transition metal oxides (TMOs) or conductive polymers (CPs).
The low density of carbon materials limits their charge storage abilities for battery applications.
However, the high volumetric capacitance of carbon in the form of graphene could be obtained
by increasing its density to 1.58 g cm-3 (Table 2.2). This indicates that graphene can be
manipulated to obtain desired outcome.
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Table 2.2. Properties of carbon and carbon-based materials as supercapacitor electrode materials
[47].
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2.6.1.1 Carbon nanotubes (CNTs)
CNTs are one-dimensional (1D), sp2-bonded single graphite layers wrapped into cylindrical
structures. They can be either single-walled nanotubes (SWNTs) or multiwalled nanotubes
(MWNTs). MWNTs were first discovered by S. Iijima in 1991 and referred to as graphitic
carbon needles. They measured 4-30 nm in diameter and up to 1 μm in length and were
synthesized using direct current arc-discharge carbon evaporation in an inert environment under
vacuum [48]. This process was further modified to produce SWNTs that measured 1 nm in
diameter [49]. Depending on the structure, the conductivity and mechanical strength of CNTs
can vary from fractions to thousands of S cm-2 and an order of magnitude larger than that of
steel, respectively [50, 51]. CNTs can be synthesized via chemical vapour deposition (CVD) and
high pressure carbon monoxide (HiPco) methods, but these processes are costly due to high
requirement of energy during production along with problems of contamination. The other
problems faced is the bundling of CNTs leading to low SSA, and poor gravimetric and
volumetric capacitance, which has damped CNT supercapacitor researches in comparison to ACs
[52] However, Hata et al., were able to synthesize bundle-free SWNTs that measured up to 2.5
mm (lengthwise) with 99.98% purity using water-assisted CVD. This method showed new
perfectly aligned SWNTs with a SSA of 1100 m2 g-1, and the capacitance larger than AC with
SSA of 1640 m2 g-1 that was used for comparison in organic electrolyte [53, 54]. Additionally,
with controlled oxidation technique high SSA SWNT allowed for the removal of the nanotubes’
lids, doubling the SSA to over 2200 m2 g-1, which further increased the capacitance, energy and
power density, exceeding the values that were observed for high SSA ACs [55, 56]. MWNT
show lower SSA and capacitance in comparison to SWNTs and ACs, which is mainly attributed
to the bulky structure that reduces accessibility for the electrolyte ions [56]. Double-walled
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nanotubes (DWNTs) were used as current collectors for graphene-based flexible supercapacitors.
They were sandwiched between 360 nm graphene film and substrate and showed identical
performance to gold current collectors [57].CNTs, are indeed a viable option as electrode
material or current collector for supercapacitor applications.
2.6.1.2 Graphene
The term “graphene” was recommended by International Union of Pure and Applied Chemistry
(IUPAC) commission to substitute the older term “graphite layers” which was unsuitable in
research on the single carbon layer structure. Graphene can be defined as a 2-D monolayer of
carbon atoms. This 2-D monolayer of carbon atoms shows unique hexagonal lattice structure
(shown in Figure 2.5) which is the basic building block of graphitic materials (i.e. fullerene,
nanotube, graphite). It had aroused wide interest in supercapacitor community because of its
excellent and stable physio-chemical and electrical properties, large specific surface area, tunable
work function and mechanical strength [58].

Figure 2.5. Three-dimensional view of ideal graphene crystalline structure [58].
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A variety of methods have been developed to synthesize graphene. These syntheses can be
classified into two routes: growth or exfoliation. The most commonly used approaches include
mechanical exfoliation of graphite [58], CVD of monolayer graphene [59], epitaxial growth on
SiC substrate [60], unzipping of CNTs [61], and so on. Growth methods can produce highquality single layered graphene, while chemical exfoliation methods can give the highest
throughput at the cost of layer restacking and lower conductivity [62].
The oxidation-reduction method can scale up graphene production at low cost. In this method,
graphite is oxidized in the presence of strong acids and oxidants by either Staudenmaier [63],
Brodie [64], or modified Hummers [65, 66] methods to form an exfoliated layered structure with
covalently attached oxygen-containing groups (epoxide, hydroxyl, carboxyl groups) called
graphene oxide. The graphene oxide (GO) powders are hydrophilic [66, 67] which makes it
easily dispersable in many solutions, such as water, ethanol, ethylene glycol, dimethylformamide
(DMF), n-methyl-2-pyrrolidone (NMP), and tetrahydrofuran (THF) at around 0.5 mg/ml [68].
This also gives an advantage of synthesizing GO in the liquid phase. It can be exfoliated into
monolayer sheets of ~1 nm [69].
However, these exfoliated sheets generally demonstrate poor electrical conductivity due to high
disorder [70] and oxygen-containing groups. In order to increase the conductivity, chemical
reduction using hydrazine [71-73], dimethylhydrazine [54], hydroquinone [55], and NaBH4 [74]
is done. The elemental analysis of C/O ratio in GO with hydrazine reduction was reported to be
10.3. This suggested the presence of a significant amount of retained oxygen [71]. This also
meant that chemically reduced GO (rGO) is not the same as the pristine graphene [69]. Ideally, a
monolayer of sp2 bonded carbon atoms could reach a specific capacitance as high as ~550 F/g,
large surface area of 2675 m2/g, high intrinsic mobility of 200,000 cm2/(V•s), and optical
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transmittance of around 97.7% [75-77], which basically set the upper limit for all carbon
materials. The superb properties of graphene can be recognized by comparing with other carbon
materials, as shown in Table 2.3.
Table 2.3.Comparison of different carbon materials for supercapacitors [78].

Graphene synthesized with hydrazine reduction achieved an energy density of 85.6 Wh/kg and a
specific capacitance of 154.1 F/g [79]. Exfoliating GO under microwave irradiation followed by
a KOH activation generated a specific surface area (SSA) of 3100 m2/g showing an energy
density of 70 Wh/kg and specific capacitance of 166 F/g [80]. GO scribed by laser treatment
showed an electrical conductivity of 1738 S/m and a SSA of 1520 m2/g. The super capacitors
assembled from this technique exhibited energy densities ~1.36mWh/cm3 and a specific
capacitance of 276 F/g [76]. Previously, the investigated graphene material prepared by tip
sonication combined with chemical reduction which showed an energy density value of 84.36
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Wh/kg and specific capacitance of 195 F/g in ionic liquid at an operating voltage of 3.5 V and
current density of 2.5 A/g. These values are comparable to those available in literature, but still
cannot meet practical needs [81]. Therefore, the development of better synthesis approaches to
graphene for better electrochemical performance has been of special interest. Most of these
synthesis methods are directly or indirectly co-related to the Hummers’ method. Hummers and
Offeman used a water- free mixture of concentrated sulphuric acid, sodium nitrate, and
potassium permanganate to oxidise graphite to graphitic oxide [81] resulting in a considerable
amount of graphene. Chemically modified graphene can be attained by treating the GO with
hydrazine [82] or by thermal treatment to obtain reduced graphene oxide (rGO) (see Figure 2.7).
The resulting rGO is never fully reduced to pure graphene and contains some oxygenated groups.
The starting GO material is semiconducting, but by disrupting the electronic structure, the
conductivity can be significantly improved [82]. Although the conductivity of rGO is orders of
magnitude higher than for GO, the removal of oxygen results in low hydrophilicity, which can be
unfavourable for many applications [83].

Figure 2.6. Schematic presentation showing the preparation of graphene from graphite [83].
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2.6.2. Pseudocapacitor electrode materials
2.6.2.1 Transition metal oxides (TMOs)
TMOs, especially RuO2, have been widely investigated as supercapacitor electrode materials.
RuO2 shows different oxidation states at various potentials and exhibits crystalline structures that
allow high conductivity, which enable charges to propagate within their lattices. Fast redox
reactions coupled with high reversibility and cycle life make RuO2 an excellent electrode for
charge storage. Its redox mechanism can be represented as:
(2.9)
where y is the oxidation state. High cost of RuO2 along with its toxic nature prevents its
commercialization. Alternatives to RuO2, mainly MnO2, and their composites have been tested.
However their lower conductivity and volume changes during cycling compromise their
commercialization as supercapacitor electrodes. Some of the electrode deposition techniques
with respect to RuO2 and MnO2 and specific capacitance values are listed in Table 2.4.
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Table 2.4. Performance of TMOs as supercapacitor electrode materials.
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Table 2.4. (Continued)

* Three-electrode cell configuration.

In recent years, mixed metal oxide spinel systems such as AB2O4 (A = Mn, Ni, Co, Fe or Cu;
B = Mn, Fe, Co, or Ni) has gained attention due to its multiple oxidation state and higher
electrical conductivity than single metal oxides. They offer oxidation-rich redox reactions, which
are indispensable for pseudocapacitors, possibly arising from their bi-metallic (both metal ions)
contribution [98-102].
NiCo2O4 has gained attention due to its higher electrical conductivity, environmental
friendliness, tunable structural features, and low cost [103,104]. Jiang et al. used a simple and
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scalable process for synthesizing hierarchical porous NiCo2O4 nanowires which presented a high
specific capacitance of 743 F g-1 at 1 A g-1 exhibiting a capacitance fading of ~6 % after 3000
cycles [105]. The NiCo2O4 spinel prepared by low-cost co-precipitation technique with 5-10 nm
particle size showed excellent crystallinity and electrical conductivity with a specific capacitance
of 671 F g-1 at a current density of 1 A g-1 and a capacitance fading of less than 2 % after 7000
cycles [106]. Wang and Shen demonstrated urchin-like nanostructures synthesised through a
hydrothermal technique which had uniform diameters of 5 μm with numerous small nanorods
radially grown from the center. Large surface area of 99.3 m2 g-1, with superior specific
capacitance of 1650 and 1348 F g-1 at current density of 1 and 15 A g-1, respectively was
observed. At the current density of 8 A g-1, the specific capacitance fade of 9.2 % after 2000
cycles was seen [107]. In another study 1-D mesoporous NiCo2O4 nanowires constructed from
numerous quasi-single-crystalline NiCo2O4 nanosheets displayed high specific capacitance and
good cycling stability (10 % fade after 5000 cycles) [108].
Porous urchin-like MnCo2O4.5 hierarchical structures with 4-6 μm in diameter were prepared
using a hydrothermal technique which delivered a specific capacitance of 151.2 F g-1 and
exhibited good cycling stability [109]. Yuan et al. prepared two different composition porous
cobalt manganese oxide nanowires (MnCo2O4 and CoMn2O4) which were composed of
numerous nanoparticles by thermal decomposition of Co-Mn-nitrilotriacetic acid (Co-Mn-NA)
polymer precursors with different Co-Mn molar ratios. For a current density of 20 A g-1, both the
MnCo2O4 and CoMn2O4 nanowire electrodes displayed specific capacitances of 2108 F g-1 and
1342 F g-1, respectively [110]. Tang’s group proposed a simple hydrothermal and annealing
process to grow cobalt-manganese composite oxide nanostructures on 3D conductive nickel
foam. When used as electrode materials, they exhibited an excellent specific capacitance of
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840.2 F g-1 at the current density of 10 A g-1 and superior cycling stability over 7000 cycles
[111]. K. Hareesh et al. explored a tertiary nanocomposite, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS)/NiFe2O4/ rGO (GNP), and compared its electrochemical
performance with NiFe2O4/rGO,NiFe2O4/CNT/rGO, and NiFe2O4/CNT. The specific capacitance
and

energy

density

of

GNP

nanocomposite

was

found

to

be

1090 Fg−1 and

660 Wh∙kg−1 respectively, at a current density of 0.5 Ag−1. They also showed good cycling
stability with 94% capacitance retention, which are excellent values for this class of materials.
[112].
Xian Jian et al. designed a unique 3D hybrid nanostructure of MnO2@GCs@MnO2 as an
electrode for ECs using a catalytic chemical vapor deposition (CCVD) to grow graphite-like
capsules (GCs). This was done in conjunction with the microwave-assisted growth of MnO2.
These 3D nanostructures allowed full use of the active surface at the electrode/electrolyte
interface, resulting in a high capacitance (265.1 F/g at 0.5 A/g) and an excellent cycling stability
up to 6000 cycles at 2 A/g in 1 M Na2SO4 [113]. Other mixed metal oxides such as ZnCo2O4 and
CuFe2O4 have also been studied which has yielded high specific capacitance and good cycling
stability [114,115]. However, the poor electrical conductivity of metal oxides limits their
application. In order to improve the electrical conductivity of metal oxides, many strategies have
been adopted to introduce carbon in the electrode matrix [116-119]. Among the different forms
of carbon, graphene shows excellent physical and chemical properties. For instance, Yan et al.
used a microwave method to obtain nano MnO2 (78 wt. % MnO2) on the surface of graphene.
This material when used as electrode exhibited a specific capacitance of 310 F g-1 at 2 mV s-1
and 228 F g-1 at 500 mV s-1. This is almost three times higher than those of pure graphene (104 F
g-1) and birnessite-type MnO2 (103 F g-1) [120]. Chen and co-workers developed a process which
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involved using graphene sheets as the starting template and thus transmitting the layered
structure morphology from graphene to the as-prepared metal oxides. The heterostructured
configuration of the MnO2 prevented degradation (with less than 10 % decrease in specific
capacitance after 3000 cycles) of the microstructure during the cycling process [121].
MnO2/graphene composite prepared by CVD and electrodeposition demonstrated a specific
capacitance of 399.82 F g-1 at 10 mV s-1 over 5000 redox cycles [122]. Xia et al. prepared
graphene sheet/porous NiO hybrid film by the combination of electrophoretic deposition and
chemical bath deposition which demonstrated an excellent pseudocapacitive behavior with
specific capacitances of 400 and 324 F g-1 at the current density of 2 and 40 A g-1, respectively.
These values were found to be higher than porous NiO film (279 F g-1 and 188 F g-1 at 2 and 40
A g-1, respectively) [123]. Cao’s group reported 3D graphene networks for the construction of
graphene/NiO composite and used it as electrode material in supercapacitors. It exhibited a high
specific capacitance of 816 F g-1 at a scan rate of 5 mV s-1 and stable cycling performance
without any decrease in the specific capacitance after 2000 cycles [124]. This unique large
specific surface area 3D porous structure of the graphene network allowed the rapid access of
electrolyte ions to the NiO surface. Co3O4 nanoplate/graphene nanosheet (GNS) composites
were fabricated using a hydrothermal treatment and subsequent calcination in air. The Co3O4
nanoplates (length: 0.5 μm, width: 100-300 nm) were uniformly distributed on the graphene
nanosheets. The Co3O4 nanoplates/7.0 % GNS composite exhibited a specific capacitance of
667.9 F g-1 at 1.25 A g-1 and 412.5 F g-1 at 5 A g-1 in 2 M KOH aqueous solution with an 18.7 %
capacitance increase after 1000 cycles [125]. Wang et al. reported a convenient method to
fabricate a 3D Co3O4/graphene hydrogel composite wherein the spherical Co3O4 particles acted
as a spacer to keep the adjacent graphene sheets apart. At the current density of 0.5 A g-1, this
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composite electrode delivered a high specific capacitance of 757.5 F g-1, which was much higher
than those of pristine Co3O4 (454.2 F g-1) and graphene hydrogel (310 F g-1) [126].
Most of the composites used as supercapacitor electrodes focus on graphene as a conductive
support, on which the poor conducting metal oxides can be anchored and uniformly distributed.
In some cases, the metal oxide nanoparticles act as spacers, keeping graphene sheets apart and
drastically increasing the electroactive surface area of the composite and consequently, the
specific capacitance. The overall performance of these electrode materials is governed by the
synthesis since they result in different morphologies. Various composites comprising of
graphene have been reported for metal oxides such as MnO2 [122], NiO [124], and Co3O4 [126]
exhibiting nanoparticles, nanowires, nanoneedles, and nanosheets morphology. The synergism
between the two materials results in improved capacitance, making these composites worthy
candidates for supercapacitor electrodes.
2.6.2.2 Conducting polymers (CPs)
The rapid growth of CPs was catalyzed in 1977 by the achievement of improved conductivity
(by four orders of magnitude) in covalently bonded, semiconducting, polyacetylene, (CH)x,
though exposure to chlorine, bromine, or iodine vapor at room temperature [96,97]. Since then
electrochemical investigations of the newly transformed conducting organic polymers [127-129]
occurred. Some of the widely studied CPs are polypyrrole (PPy), polythiophene (Pth), poly(3,4ethylenedioxythiophene) (PEDOT), poly(p-phenylene vinylene) (PPV), and polyaniline (PANI).
Their chemical structures are shown in Figure 2.8. The doping of a polymer results in the
deprotonation of the polymer’s centers i.e. -COOH to -COO-, thereby creating a conjugated
polymer (polybase) that causes ionic charge interaction with the functional groups on the
polymer’s edges. This changes its standard Gibbs energy and allows for the existence of
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localized electronic states at lower energies than the band gap of the CP. This creates networks
for the charge to transfer along the backbone of the CP. The most commonly used methods for
doping CP is vapor, solution, electrochemical, and self-doping.

Figure 2.7. Chemical structures of some of the main CPs [130].
CPs can be synthesized in different ways, for eg, (i) chemical polymerization, (ii)
electrochemical polymerization, (iii) photochemical polymerization and (iv) CVD. Chemical
polymerization is a widely used CP technique, as no special equipment is required for oxidizing
monomers into radical ions thant can covalently bond to form polymer chains. Positive and
negative charges can be introduced into the CPs’ redox reactions at certain potentials. This
allows CPs to be used as supercapacitor electrodes. However, fast charging and discharging of
CP electrodes causes them to swell and crack, thereby reducing their life compared to carbon
electrodes.
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Table 2.5. Different composite materials as electrodes for supercapacitors.

* Three electrode cell configuration, ** Two electrode cell configuration.
2.6.3. Composite Materials
Composite electrodes are mainly composed of two or more different materials which can be
synergistically used for achieving highly desirable properties. For instance, the advantages of
using graphene-TMO composites are the reduction in the TMO’s volume expansion upon fast
charge/discharge and prevention of agglomeration of TMO particles and restacking of graphene
sheets. This arrangement can create highly conductive networks for improved electron transport
which in turn can improve the electrochemical properties (capacitance, energy, and power)
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[144].Similarly, graphene-CP composites showed improved electrical conductivity and
mechanical strength, reduced swelling/shrinking of CPs, prolonged life cycle, and improving
charge storage capabilities [145]. Besides graphene, CNTs have been also reported to enhance
the supercapacitor composite electrode performance. Table 2.5 lists some of the materials
combinations used as electrodes for supercapacitors.
2.7. Electrolytes
Electrolytes play a critical role in the development of EDLCs and in the reversible redox
processes in pseudocapacitors. The electrolytes for supercapacitors should have, but not limited
to [146]:
1) High ionic concentration,
2) Wide potential window,
3) High electrochemical stability,
4) Low resistivity and low toxicity,
5) Low viscosity and low cost,
6) Low solvated ionic radius,
7) Availability and purity.
The supercapacitor electrolytes can be categorized as: (i) aqueous electrolytes, (ii) organic
electrolytes, and (iii) ionic liquid electrolytes (ILs)
2.7.1. Aqueous electrolytes.
The main reason for using aqueous electrolytes is their low cost, ease of availability and
preparation, high conductivity and environment friendliness. Aqueous electrolytes (such as
H2SO4, Na2SO4, KOH, KCl, and NH4Cl aqueous solutions) can provide lower resistance and
higher ionic concentrations resulting in higher specific capacitance than those with organic
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electrolyte. This can be mainly attributed to their higher ionic concentrations and smaller ionic
radius. However, the major disadvantage is the lower energy and power density because of their
narrow potential range of about 1.2 V.
2.7.2. Organic electrolytes
Organic electrolytes are advantageous due to their high potential window. They are often
operated at potentials above 2 V (2.2-2.7 V), which can be increased to as high as 3.5 V [147].
Among the organic electrolytes, acetonitrile and propylene carbonate (PC) are the most
commonly used solvents. PC-based electrolytes are popular because of their low toxicity, wide
electrochemical window, good conductivity, and offer a wide range of operating temperatures.
Table 2.6. shows the different types of electrolytes and their properties for supercapacitor
applications.
Table 2.6. Properties of different electrolytes for supercapacitor applictations [147].

2.7.3. Ionic liquid electrolytes
Ionic liquids are solvent-free molten salts at room temperature which shows low vapour pressure
and high thermal and chemical stability [148, 149]. They exhibit wide potential windows,
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ranging from 2 to 6 V (typically 4.5 V), low flammability, and conductivity at the level of 10
mScm-1 [150]. The most widely used ILs for supercapacitors are imidazolium pyrrolidinium,
aliphatic quaternary ammonium salts, including tetrafluoroborate, trifluoromethanesulfonate, and
hexafluorophosphate [151]. Mesoporous nickel-based mixed rare-earth oxide/activated carbon
composite electrode in solvent-free 1-butyl-3-methyl imidazolium hexafluorophosphate
electrolyte showed a real power density of 458 W kg-1, high energy density of 50 Wh kg-1, and
excellent cycle life without any capacity decay up to 500 cycles. Such high electrochemical
performance can be attributed to the IL electrolytes with a wide potential range and high
stability.
2.8. Summary:
Supercapacitors bridge the gap between batteries and regular capacitors. The most important
attribute of supercapacitors in comparison to other types of capacitors, is their “super” high
energy density. Several materials, such as activated carbon, transition metal oxides, and
conducting polymers, are been explored as supercapacitor electrodes. Due to their high power
density, supercapacitors have promising applications, especially in electric vehicles.
Improvement in energy density is one of major thrust areas in supercapacitor research which is
continuing worldwide.
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CHAPTER 3
Electrochemical Performance Enhancement in MnCo2O4 Nanoflake-Graphene
Nanoplatelets Composite
3.1. Graphical abstract
The electrode fabrication technique employed in the present study utilizes MnCo2O4 (MCO)/
graphene nanoplatelets (GNPs) to generate a stacked three-dimensional flake like morphology.
The GNPs coated onto the MCO nanoflakes improve the conductivity and hence the overall
performance of the electrode system, which includes high specific capacitance and remarkable
cycling stability at the end of 10000 cycles at 7.81 A g-1 etc.

Figure 3.1. Graphical outlined showing a brief overview of the performance and structure of the
MCO- GNPs test in this chapter.
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3.2. Introduction
In recent years, supercapacitors have gained significant attention due to their unique
properties as compared to their conventional dielectric counterparts [1, 2]. Their wide range of
applications includes auxiliary power sources in hybrid vehicles, portable mobile devices,
ignition systems, micro-electronics, rockets, etc. To be specific, supercapacitors are used in
different power-source applications, including instant power sources for portable electronic
devices, and as supporting power sources for hybrid electric vehicles [3, 4]. Based on the
different electrochemical charge storage mechanisms, the supercapacitors can be classified into
two different categories: (1) double-layer capacitors based on the non-faradaic charge storage
mechanism, and (2) pseudocapacitors, based the faradaic redox reactions. Recently, many
researchers have shifted their focus onto complex oxides such as MnCo2O4 [5, 6], ZnMnO4 [7],
NiCo2O4 [8], NiFe2O4 [9], and ZnCo2O2 [10], for pseudocapacitor applications. Among them,
MnCo2O4 spinels have attracted considerable attention due to their abundance, low cost, nontoxicity, high theoretical capacitance, and promising electrochemical characteristics [11, 12].
Like most spinel systems, however, the electronic conductivity of MnCo2O4 is still an obstacle
for its practical application as an energy storage device. Various reports have demonstrated
various approaches to mitigate this problem, such as nanostructuring, the composite approach,
doping with cations, and coating with different forms of carbon, increasing the surface area by
making porous hollow structures etc [13-15]. Nanostructuring of materials has been considered
to be a beneficial method to improve the diffusion length. Furthermore, the combined effects of
nanostructuring and coating with different types of conducting carbon, such as graphene, carbon
nanotubes (CNTs), graphene nanoplatelets (GNPs), etc., would be a very promising approach to
improve the overall performance of the system. Among the different carbon phases, GNPs are
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considered as a cheaper and more effective solution to improving the conductivity of metal oxide
systems [16, 17]. The other notable advantage of GNPs is their easier uniform dispersion in
composites with their primary counterparts, as compared to single layer graphene and CNTs. In
this work, we investigate the electrochemical properties of MnCo2O4 nanoflakes prepared by a
facile hydrothermal method followed by annealing. This flaky morphology, along with the GNP
coating, can effectively reduce the diffusion length. Moreover the GNP coatings can provide
better electronic conductivity, thus enhancing the overall electrochemical performance. Hence,
the as-synthesized MnCo2O4nanoflakes/graphene nanoplatelets show superior electrochemical
performance in terms of specific capacitance and cycling stability as compared to the pristine
MnCo2O4 system.
3.3. Experimental Procedures
3.3.1. Preparation of materials
All the reagents used in the experiments were of analytical grade (purchased from Sigma
Aldrich) and used without further purification. MnCo2O4 was prepared using the hydrothermal
method followed by calcination. In a typical synthesis, 0.338 g manganese sulfate (MnSO4.H2O),
0.291 g cobaltous nitrate (Co(NO3)2.6H2O), 0.721 g urea, and 0.444 g ammonium fluoride
(NH4F) were dissolved in deionized water and in ethanol solution (1:1 v/v) using a magnetic
stirrer. The resulting pink solution was transferred into a Teflon-coated hydrothermal autoclave.
The reaction time was maintained at 120 ⁰C for 8 h. The autoclave was then allowed to cool
down to room temperature, and the precipitates were collected by centrifugation, washed four

times with distilled water, and finally, one time with ethanol. The washed precipitates were
collected and dried at 80 ⁰C for 6 h. Finally, the dried precipitates were calcined at 400⁰C for 4 h
with a ramping rate of 5 ⁰C min−1. The role of NH4F in the formation of different morphologies
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was investigated by changing the weight of added NH4F from 0 to 1 g. The as-prepared powders
were designated as 0-MCO, 0.2-MCO, 0.4-MCO, 0.6-MCO, 0.8-MCO, and 1-MCO, where the
number represents the weight (g) of NH4F used and MCO represents the MnCo2O4.
3.3.2. Electrode preparation
The working electrodes were fabricated by the electrophoretic deposition technique, where the
MCO samples prepared using different weight proportions of NH4F were electrophoretically
deposited onto Ni foam. For this purpose, a two-electrode electrophoretic deposition set-up was
used, where the Ni foam and platinum mesh were used as the negative and positive electrodes,
respectively. Isopropyl alcohol was used as the dispersion medium. The MCO samples were
uniformly dispersed in this medium using ultrasonication. The deposition was undertaken at 30
V for 15 min at room temperature, resulting in a uniform MCO electrode. To improve the
conductivity of the optimized sample, graphene nanoplatelets were added along with the MCO to
the dispersion medium and kept overnight for ultra-sonication to get a uniform MCO/GNPs
dispersion prior to the electrophoretic deposition, and the electrode was fabricated in a similar
way to that mentioned above.
3.3.3. Material characterization
The crystalline features, phase formation, and morphology of the synthesized samples were
investigated using powder X-ray diffraction (XRD, GBC MMA XRD), field emission scanning
electron microscopy (FESEM, JEOL JSM-7500FA), high resolution transmission electron
microscopy (HR-TEM, model: JEOL JEM-2011), X-ray photoelectron spectroscopy
(XPS,SPECS GmbH), and Raman spectroscopy (JY HR800 Spectrometer). The surface area was
measured using a Brunauer-Emmett-Teller (BET) surface area analyser (Micromeritics NOVA
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1000). The carbon weight percentage was determined using thermogravimetric analysis (TGA,
TGA/DSC 1 STAR System).
The structure and morphology of the products were characterized by X-ray diffraction (XRD,
GBC MMA XRD), field emission scanning electron microscopy (FESEM, JEOL JSM-7500FA),
high resolution transmission electron microscopy (HR-TEM, model: JEOL JEM-2011), X-ray
photoelectron spectroscopy (XPS-SPECS GmbH), and Raman spectroscopy (JY HR800
Spectrometer). The surface area was measured using a Brunauer-Emmett-Teller (BET) surface
area analyser (Micromeritics NOVA 1000). The carbon weight percentage was determined using
thermogravimetric analysis (TGA, TGA/DSC 1 STAR System). The electrochemical
measurements were carried out in a three-electrode system, where Pt mesh, Hg/HgO electrode,
and the MCO electrodes were used as the counter, reference, and working electrodes,
respectively. 1 M KOH aqueous solution was used as the electrolyte. Cyclic voltammetry (CV)
measurements were performed on an electrochemical workstation (CHI660B, Chenhua,
Shanghai) in the potential range of 0−0.6 V (Hg/HgO) at different scanning rates. The
galvanostatic charge-discharge tests were conducted on a LAND battery program-control test
system. Electrochemical impedance spectroscopy (EIS) measurements (CHI660B) were carried
out by applying an AC voltage of 5 mV amplitude over a frequency range from 0.01 Hz to 100
kHz at open circuit potential
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3.4. Results and Discussion
3.4.1. Morphology and phase analysis
Figure 3.2 shows the X-ray diffraction (XRD) patterns of different samples of NH4F-treated
MCO nanoflakes after the calcination at 400°C for 4 h. All diffraction peaks correspond to the
pure crystalline MCO spinel structure of space group Fd3m (JCPDS card no. 23-1237). In order
to understand the morphological changes in the MCO with different proportions of NH4F,
FESEM analysis was performed.

Figure 3.2. XRD patterns of a) 0-MCO, b) 0.2-MCO, c) 0.4-MCO, d) 0.6-MCO, e) 0.8-MCO,
and f) 1-MCO.
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Figure 3.3(a-f) shows the FESEM images of MCO with different proportions of NH4F, ranging
from 0 to 1 g. The effect of NH4F on the flake formation mechanism of the MCO was clearly
observed in FESEM images, Without NH4F the morphology of MCO was found to be a lump
like structure (Figure 3.3(a)), The formation of flake like structure was evident in 0.2 MCO
(Figure 3.3(b)). Figure 3.3(c) shows the SEM image of 0.4 MCO. The morphology was observed
to be well defined interconnected nanoflakes, resulting in an inter- linking network. The flaky
inter-linked structure would be beneficial for the electrochemical performance. 0.6g MCO and
0.8 MCO maintained the flake like morphology (Figure 3.3 (d&e)); however, the thickness of
the nanoflakes was observed to be increased from ~25 nm to ~34 nm when the weight of NH4F
was increased from 0.4 to 0.8 g. The morphology of 1 MCO shows the existence of particle like
morphology on top of the flake like morphology. The reason for this increase in the flake
dimension (Figure 3.3 (d&e) and the formation of the new particle morphology on top of
nanoflakes (Figure 3.3(f)) could be attributed to the activation of the already formed nanoflakes
surface by this excess NH4F, resulting in the further nucleation and growth of new surface on top
of the existing surface.
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Figure 3.3. FESEM images of a) 0-MCO, b) 0.2-MCO, c) 0.4-MCO, d) 0.6-MCO, e) 0.8-MCO,
and f) 1-MCO nanoflakes
3.4.2. Electrode optimization
In order to find the most appropriate electrode, different electrochemical characterizations
were employed. Figure 3.4(a) shows the charge/discharge characteristics of the different
electrodes in the potential range of 0−0.4 V. The specific capacitances of the samples
were found by using the following equation [18, 19]:
C=

I∆t
m∆V

(3.1)

Where C is the specific capacitance, I is the discharge current, Δt is the discharge time,
ΔV is the potential window, and m is the mass of the active material.
The specific energy (E) in W h kg-1 and specific power (P) in W kg-1 were calculated
using the following equations [19].
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E=

0.5C (∆V ) 2
3.6

(3.2)

P=

E 3600
∆t

(3.3)

Figure 3.4(b) shows the specific capacitance vs. weight of NH4F. The initial increase in
the capacitance up to 0.4g of NH4F was attributed to the reduction in the particle size. The
surface area with increasing amounts of NH4F up to 0.4-MCO was found to be 14.06,
17.3, and 40.25 m2·g-1 for 0-MCO, 0.2-MCO, and 0.4-MCO, respectively. Beyond the
optimal proportion of NH4F, the capacitance was found to be reduced, and the reason for
this could be the decrease in surface area from 40.25 to 20.31 m2·g-1 when the amount of
NH4F increased from 0.4 to 1 g. This reduction in surface area could be attributed to the
formation of aggregated MCO nanoflakes due to the presence of excess NH4F. To further
evaluate the electrochemical kinetic properties of different MCO samples, EIS
measurements were carried out in the frequency range of 100 kHz to 0.01 Hz (Figure
3.4(c)). The samples exhibited a semicircle in the higher frequency range and a lower
frequency inclined line. The first intercept on the real axis (x-axis) represents the solution
resistance (Rs). The diameter of the semicircle on the real axis indicates the charge
transfer resistance (Rct). The lower frequency inclined line represents the Warburg
impedance (W), which corresponds to the diffusion of ions into the bulk of the electrode
material. The inset of Figure 3.4(c) shows the enlarged Nyquist curves in the higher
frequency range. The Rs values of the different samples were observed to be around 1.69,
1.25, 0.298, 1.06, 1.06, and 1.07 Ω for the 0-MCO, 0.2-MCO, 0.4-MCO, 0.6-MCO, 0.8MCO, and 1-MCO samples, respectively. The lower Rs value for the 0.4-MCO could be
attributed to the improved electronic conductivity because of the reduction in the particle
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size (see Figure 3.4(c)). This decrease in Rs value could be beneficial in terms of better
power performance. The Rct values of all these samples were not very outstanding,
although the Rct value of the 0.4-MCO sample was found to be around 0.75 Ω. This lower
Rct value indicates faster electron/ion transport through the electrode/electrolyte interface.
To further optimize the appropriate weight proportion of NH4F, cycling stability studies
were conducted at 7.81Ag-1 charge/discharge current (Figure 3.4(d)). The specific
capacitance retention at the end of 10000 cycles for 0 MCO and 0.2 MCO was found to
be ~ 50% and 65% respectively.

Figure3.4.a) Charge/discharge curves of MCO nanoflakes arrays for different weight
proportions of NH4F at 7.81Ag-1 ,b) specific capacitance vs. weight of NH4F, c) Nyquist plots
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recorded between 1 Hz and 100 kHz (with the inset showing an enlargement of the curve in the
high frequency region), and d) cycling performance of MCO nanoflakes for different weight
proportions of NH4F at 7.81Ag-1.
The reduction in capacitance at the end of 10000 cycles for these samples could be
attributed to the dissolution of the electrode material to the electrolyte and also due to the
non-uniform stress distribution, resulting in poor electronic integrity, during each anion
intercalation/ deintercalation mechanism because of the dense morphology. 0.4MCO, 0.6
MCO and 0.8 MCO samples showed good specific capacitance retention even at the end
of 10000 cycles. This excellent cycling performance could be attributed to the structural
stability of the porous interconnected flake like morphology of the material. This
interconnected porous morphology could be beneficial to distribute the stresses that have
been generated during the prolonged intercalation/ deintercalation mechanism of anions.
The 1 MCO sample showed an increase in specific capacitance at the end of 10000
cycles, this could be attributed the formation of new active sites after prolonged charging/
discharging mechanism. Another reason for the good cycling stability of these electrodes
could be the highly reversible Faradaic reactions occurring on the surface of the thin film.
For instance, Sahoo et.al, prepared thin film MCO nanoflakes by using electrodeposition
technique, wherein they have reported a high cycling stability of 1000 cycles with almost
100% specific capacitance retention [20]. The major charge storage mechanism resulting
from the insertion/extraction process of OH‒ at the MCO/KOH interface can be
represented as [4]
MnCo2O4 + H2O + OH‒ ↔ 2CoOOH + MnOOH + e‒

(3.4)

MnOOH + OH‒ ↔ MnO2 + H2O + e‒

(3.5)
68

Even though all the samples showed excellent stability, the 0.4-MCO sample showed
better capacitance as compared to all the other samples, so that we optimized our
electrode as 0.4-MCO, and further characterizations were carried out using the 0.4-MCO
sample.
3.4.3. Morphology and phase analysis of 0.4-MCO/ GNPs
To further improve the performance of the 0.4-MCO nanoflakes, commercially obtained
graphene nanoplatelets (thickness: 8 nm) were mixed in with them, and electrophoretic
co-deposition was carried out.

Figure3.5. (a-c) TEM images of commercially obtained GNPs (BET surface area ~500 m2 g-1),
and d) is the corresponding SAED pattern.
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The TEM images of commercially obtained GNPs is provided in the Figure (3.5). In order
to find the amount of graphene deposited onto the Ni foam along with the MCO sample,
TGA analysis was conducted by collecting the material deposited onto the Ni foam (see
Figure 3.6).The 0.4-MCO/GNPs sample was heated from room temperature to 480 °C
under normal atmosphere at a ramping rate of 5 °C min-1. The weight loss around 100 °C
could be attributed to the loss of water from the sample. The weight loss around 400 °C
was due to the oxidation of carbon. From this, the weight percentage of graphene
nanoplatelets was observed to be around 8.2 wt%. In figure 3.7 presents the surface
morphology of the 0.4 MCO electrodes with and without GNPs. It was observed that both
electrodes showed flake-like morphology, although the phase of the graphene
nanoplatelets could not be distinguished from the MCO sample in the FESEM image,
possibly because of the poor phase contrast.

Figure 3.6. TGA analysis of the 0.4- MCO electrode materials.
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The HR-TEM images revealed the presence of both graphene nanoplatelets and MCO
nanoflakes (Figure 3.8(a-c)) in the sample. Figure 3.8(a) presents a lower magnification
image of the 0.4-MCO/GNPs sample.

Figure 3.7. FESEM images of MCO nanoflakes: (a and b) on Ni foam without graphene
nanoplatelets, (c and d) on Ni foam with graphene nanoplatelets.
From the image, it is clear that the graphene nanoplatelets are uniformly distributed all
over the MCO nanoflakes. Figure 3.8(b) allows a closer examination of the sample, where
the presence of the graphene nanosheet is well evident. The higher magnification image
in Figure 3.8(c) shows the lattice plane growth. To investigate the crystalline nature of
both MCO and the graphene nanoplatelets, HR-TEM and selected area electron
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diffraction (SAED) analyses of the sample were carried out. The lattice fringe spacing
was found to be ~0.472 nm and 0.27 nm, corresponding to the (111) and (311) planes of
MCO. Figure 3.8(d) shows the SAED pattern of the MCO/GNPs. Here, the multi-Debyering pattern with highly intense spots could be attributed to the collective diffractions
from the MCO particle and from the graphene nanoplatelets.

Figure3.8. TEM images (a, b, c) at different magnifications of the MCO/GNPs. (d) is the
corresponding SAED pattern.
Figure (3.9) presents a TEM image of the MCO-0.4GNPs composite and the
corresponding energy dispersive spectroscopy (EDS) mapping. The figure shows the
elemental mapping of TEM image of MCO-0.4GNPs, which demonstrates the presence of
manganese, cobalt, oxygen, and carbon.This elemental mapping provides clear
information on the elemental distribution within the nanoflakes and further confirms that
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the presence of a thin layered uniform carbon coating on the

MCO for the MCO-

0.4GNPs system.

Figure3.9. (a) TEM image of the MCO– 0.4GNPs composite and corresponding elemental
mappings of (b)manganese , (c) cobalt (d) oxygen, (e) carbon, and f) the combined Mn, Co, O,C
mapping.
The Raman spectrum of the graphene nanoplatelets (8 nm) under ambient conditions is
shown in Figure 3.10(a). The Raman spectrum consists of three major bands, the most
intense G-band, the D-band (representing the disordered carbon), and the second
harmonic 2D-band. The principal Raman active mode of graphite is the G-band at
1582 cm−1,which

originates

from

the

sp2

carbon

atoms

vibrating

in-plane

with E2g symmetry [21,22]. The less intense D-band and highly intense G-band in the
spectrum indicate the good quality of the sample; moreover, the intensity ratio of the
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bands (ID/IG) for the sample was found to be 0.736, which again confirms the high quality
of the sample [23, 24]. Figure 3.10(b) shows the Raman spectrum of the MCO/GNPs
sample recorded from 400 to 2000 cm−1. The regions marked as 1 and 2 (at 450 and
680 cm−1) correspond to the A1g and E2g modes of spinel MCO [25]. The G (E2g graphite
mode) and D (defect-induced mode) bands in the sample represent the graphene
nanoplatelets.

Figure 3.10. a) Raman spectrum of graphene nanoplatelets (8 nm) under ambient conditions, b)
Raman spectrum of MCO with graphene nanoplatelets, c) XPS survey spectra of 0.4-MCO and
0.4-MCO/GNPs, and d) deconvoluted C 1s spectrum of 0.4-MCO/GNPs.
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The reduction in the intensity of the G and D bands and the slight shift in the G and D
band positions of the MCO-GNP sample could be attributed to the interaction of GNPs
with the MCO sample [26, 27]. Figure 3.10(c) shows the XPS survey spectra of the MCO
sample and the MCO/GNPs sample. Both the samples showed characteristic peaks of C
1s, O 1s, Co 2p, and Mn 2p, indicating the presence of carbon, oxygen, nitrogen, cobalt,
and manganese elements. The sharp peak at binding energy of ~779 eV and the small
peak at ~795 eV represent the Co2p3/2 and Co2p1/2 peaks, respectively. The Mn 2p
peaks at ~642 and ~643.5 eV, assigned to 2p3/2 and 2p1/2, respectively, represent the
presence of both Mn2+ and Mn3+. The O 1s peak at ~530.5 eV confirms the presence of
oxide in the sample. Both the XPS and XRD spectra confirm the spinel structure of the
MCO and MCO-GNPs samples.
In order to further understand the nature of the graphene nanoplatelets, the C 1s peak was
deconvoluted (Figure 3.10(d)). The three sub-peaks at 284.6, 286.2, and 288.2 eV
correspond to C-C, C-O, and C=O bonding respectively [28, 29]. The high intensity C‒C
peak and other very low intensity C-O peaks indicate that graphene nanoplatelets were
not simply mechanically adhered on MCO but bonded with MCO, which will be finally
resulted in good mechanical property during cycle performance and good electronic
conductivity for smooth electron transfer between graphene and MCO.
Figure 3.11 shows the FT-IR spectrum of MCO/GNP sample. The broad band around
3405 cm-1 corresponds to the stretching vibrations of O–H from the adsorbed water
molecule. The peak at ~ 1630 cm-1 represents the angular deformation of adsorbed water
molecules. The peak at ~ 1113 cm−1 demonstrates C–O stretching vibrations. The sharp
peaks at 648 and 546 cm-1 correspond to the vibrational modes of Mn-oxygen tetrahedra
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and Co-oxygen octahedra respectively. These peaks represent the characteristic vibration
peaks of spinel MnCo2O4 structure [4].

Figure 3.11. FT-IR spectrum of 0.4- MCO-GNPs.
3.4.4. Electrochemical characterizations of 0.4-MCO/GNPs
Figure 3.12(a) presents cyclic voltammograms (CVs) of the 0.4-MCO nanoflakes with
and without graphene nanoplatelets. The corresponding specific capacitances were
calculated using the following equation and were found to be around 1268 F·g-1 and 1042
F·g-1 for the 0.4-MCO sample with and without graphene nanoplatelets, respectively, at a
scan rate of 1 mV s-1 [19].
(3.6)
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Where C is the mass specific capacitance (F·g-1), M is the mass of the active electrode,
ΔV is the voltage window, s is the scan rate, and I represents the current. These results
clearly indicate that the specific capacitance of the MCO sample increases markedly with
the addition of graphene nanoplatelets. It is well known that the morphology and
electronic conductivity of material play a vital role in determining the electrochemical
performance. Here, the improved specific capacitance could be ascribed to the effective
utilization of the active material in the form of nanoflakes and the conductivity provided
by the graphene nanoplatelets. Another reason could be the improved BET surface area.
The surface areas of the MCO and MCO/GNPs were found to be around 40.25 m2·g-1 and
301.05 m2·g-1, respectively. This high surface area of the MCO/GNPs indicates the higher
amount of active surface in the electrode/electrolyte interface. Thus, the flaky structure of
the MCO, along with the graphene nanoplatelets, significantly improved the
electrode/electrolyte interactions. The role of GNPs as a current collector is pivotal in the
composite electrode system. The principal electron transport mechanism between the
spinal MCO and the layered GNPs mainly relies on the presence of the intact interfacial
contact between them. It is anticipated that the presence of ‘‘metallic’’ GNPs in the MCO
matrix can lead to significant changes in the carrier mobility when the charge carriers are
in the electronic vicinity of the GNPs. This is because of the large relativistic mobility of
electrons and holes (Dirac fermions) in graphene. MCO-Graphene interface emulates an
electronic contact between a wider and narrower band gap material, respectively. Such
interfaces can produce depletion of the charge carriers with substantial band bending.
This in turn will effectively produce a low concentration of interface carriers and
effectively prevent the possibility of back injection, thereby making charge flow
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unidirectional in a hopping fashion through the percolating network, which allows
classical carrier transport to occur resulting in improved current collection properties and
reduction in net resistance in the composite system[30]. To further understand the role of
the graphene nanoplatelets, EIS studies were carried out.
The Nyquist plots shown in Figure 3.12(b) provide the Rs and Rct values of both samples.
The sample with graphene nanoplatelets showed lower Rs and Rct (0.11, 0.15) values than
the pristine 0.4-MCO sample (0.298, 0.75), respectively. This decrease in resistance could
be attributed to the improved conductivity provided by the graphene nanoplatelets in the
MCO/GNPs sample. This decrease in the Rs and Rct values could be beneficial for better
electrochemical performance of the electrode. The lesser Rct value of the MCO/GNPs
system indicates its easier transport of electrons and ions through the electrode/electrolyte
interface, resulting in better electrochemical performance. The cycling performance is of
great importance for supercapacitor systems. An electrochemical cycling study of both
the MCO and the MCO/GNPs electrodes was conducted to evaluate the stability of these
electrodes. Figure3.12(c) shows the specific capacitance vs. cycle number curves for the
first 10000 cycles of charging and discharging at 7.81 A.g-1 current density. The initial
specific capacitance was observed to be ~1064 F·g-1 (MCO nanoflakes) and 1323Fg-1
(MCO nanoflakes-GNPs), and it is noteworthy that 100% specific capacitance was
retained, even at the end of 10000 cycles for both the systems. This remarkable cycling
performance could be attributed to the excellent structural stability of the MCO
nanoflakes system, even after the prolonged cycling .To further understand the structural
stability, the electrodes after 10000 cycles were collected and examined under SEM
(Figure 3.13).
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Figure 3.12. a) CV curves, b) electrochemical impedance spectra, and c) cycling performance of
the 0.4-MCO nanoflakes with and without graphene nanoplatelets.
The dimensional or structural changes of the electrode material during the prolonged
charge/discharge can play a crucial role in determining the ultimate cycling performances.
During each charging and discharging a small volumetric expansion/contraction of the
electrode material happens which leads to the formation of microscopic stresses on the
electrode surface. Since 0.4-MCO and 0.4 the MCO/-GNPs are deposited in a stacked 3D
manner,it can distribute the stresses in an isotropical manner along the porous

79

interconnected flaky system (Figure 3.13 (a and b). This interconnected flaky system can
also increase the shear strength of the electrode system, which in turn can help to prevent

Figure 3.13. a) SEM images of MCO nanoflakes after cycling (a and b) on Ni foam without
graphene nanoplatelets (c and d) Ni foam with graphene nanoplatelets.
the micro/macroscopic crack formation in the electrode system; thereby it can enhance
the cycling stability by preventing the peeling off of the thin film electrode. Figure
3.13(c-d) validates this point due to the absence of cracks and structural deformation at
both lower and higher magnification images.
TEM studies were carried out to further understand the structural stability of the electrode
material after 10000 cycles of charging and discharging. The flake like morphology of the
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material confirms that the cycling did not affect the structural stability of the material
(Figure 3.14 (a)).

Figure 3.14. (a and b) TEM images of MCO/ GNPs at the end of 10000 cycles of charging and
discharging and c) the corresponding SAED pattern.
The lattice fringe values were found out using HRTEM image and the SAED pattern
(Figure 3.14 (b and c)) and the values were observed to be 0.472nm and 0.27nm,
corresponding to (111) and (311) planes of MCO, These values were found to be
unaltered even after prolonged cycling, again confirming the structural stability of these
0.4 MCO-GNPs.

81

Figure 3.15 (a) presents CV curves of the 0.4-MCO-GNPs in the potential range of 0–0.6
V (vs. Hg/HgO) at different scan rates. All the CV curves exhibit a similar shape, and a
pair of distinct redox peaks within the 0–0.6 V voltage window (vs. Hg/HgO) reveals the
pseudo-capacitive properties resulting from Faradaic redox reactions. The specific
capacitance was calculated using Equation (2) and has been plotted against the scan rate.
The corresponding specific capacitances were found to be 1221, 1102, 1048,and 981 F·g-1
at scan rates of 1, 5, 10, and 20 mV·s-1, respectively (see Figure3.15 (b)). Figure 3.15 (c)
shows the galvanostatic charge/discharge characteristics of the MCO/GNPs sample at
different

charging/discharging

currents.

The

nonlinear

characteristics

of

these

charge/discharge curves further confirmed the pseudo-capacitive behaviour of the MCO
nanoflakes. The specific capacitances at different currents of 1, 2, 3, and 4 mA, were
calculated to be1268, 1207, 1142, and 1027 F·g-1, respectively, using Equation (3.1).
Figure 3.15 (d) shows the specific discharge capacitance variation with the discharge
current. The decrease in specific capacitance with increasing current or scan rate could be
attributed to the limited entry of the electrolyte into the bulk of the electrode and also the
insufficient time to complete the electrochemical reactions.
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Figure 3.15. a) CV curves at different scan rates, b) specific capacitance vs. scan rate plot, c)
charge/discharge curves at different currents, and d) specific capacitance vs. current of 0.4MCO/GNPs
A good electrode material is expected to provide high energy density and capacitance at high
charge/discharge rates. Therefore, Ragone plots, the relationship between the energy densities
and the power densities, are presented in Figure 3.16. The specific energy and power densities
are calculated from the charge/discharge profiles using equations (3.2) and (3.3), respectively.
It can be observed that, with increased power density, the energy density reduces slowly, which
reaches 27.5 W h kg−1 at a power density of 361.3 W kg−1, and still remains 24 W h kg−1 at a
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power density of 7000 Wkg−1. Table 3.1 compares the electrochemical performance of the
present work with the recent literatures [12, 15, 31-34].

Figure 3.16. Ragone plots of the MCO-0.4 GNPs composite
As a preliminary study, the application of these MCO/GNPs electrode was explored in a
fully functional coin cell unit by keeping GNPs as the counter electrode in 1M KOH
solution (Figure 3.17). The total area capacitance of the device was observed to be ~100
mF cm-2. For a capacitor, the total capacitance is measured as C=C1C2/ C1+C2, where C1
is the capacitance of the working electrode and C2 is the capacitance of the counter
electrode. To achieve a good device performance, an optimal high capacitance counter
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electrode (preferably faradaic system) needs to be identified. Our group is currently
focusing on this area.

Figure 3.17. Charge/discharge of the device in 1M KOH solution at current density 1Ag-1.

85

Table 3.1. Comparing the electrochemical performance of the present study with the literatures.

3.5. Summary
In the work, different MCO free standing nanoflakes and nanoflakes on Ni foam were
synthesized successfully through the hydrothermal method by varying the amount of
NH4F. The XRD data showed that the as-synthesized all MCO samples have a spinel
structure. All the electrode materials on Ni foam were checked for their electrochemical
performance. Among all the samples tested, the 0.4-MCO sample demonstrated best
cycling stability, even at the end of 10000 cycles. The introduction of graphene
nanoplatelets into this optimized electrode by electrophoretic deposition technique
caused bond formation between C and O and better mechanical adhesion on Ni foam, lead
to an effective current collection and thus an enhancement in specific capacitance by 1.2
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times, while its excellent cycling stability over 10000 cycles was retained. Overall, this
facile hydrothermal process, followed by the electrophoretic deposition technique, can be
a beneficial method to obtain a high performing and stable electrode for supercapacitor
applications.
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CHAPTER 4
Facile Synthesis of a Reduced Graphene Oxide Wrapped Porous NiCo2O4 Composite
with Superior Performance as an electrode Material for Supercapacitors
4.1. Graphical abstract
The electrode fabrication technique employed in the present study utilizes NiCo2O4 (NCO)/
reduced graphene oxide (rGO) to generate a stacked three-dimensional hexagonal nanoplate-like
morphology. The rGO coated on to the NCO hexagonal nanoplate improves the electronic
conductivity and hence the overall performance of the electrode system, which includes high
specific capacitance, remarkable cycling stability with 98% capacitance retention at the end of
10000 cycles at 2 A g-1, etc.

Figure 4.1. Graphical abstract shows the performance of the electrode material and reduced
graphene oxide wrapped porous NiCo2O4 hexagonal nanoplates.
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4.2. Introduction
Electrochemical supercapacitors, offering extremely high power density and reasonably
good energy density, are considered as one of the most important next-generation energy
storage devices [1]. Transition metal oxides (TMOs) have attracted extensive attention in
recent years as electrode materials for them, owing to their multiple oxidation states,
which are desirable for pseudocapacitance generation. Among them, RuO2 is a prominent
candidate because of its superior conductivity and high specific capacitance of 1580 Fg-1
[2,3].The commercialization of RuO2 based supercapacitors is not promising, however,
due to the high cost and rareness of Ru. Recently, more low-cost and environmentally
friendly TMOs, such as NiCo2O4 (NCO), NiO, Co3O4, MnO2, NiOH, NiMoO4, etc., have
been investigated for supercapacitor applications [4-9].Spinel nickel cobaltite (NiCo2O4)
in particular has attracted considerable attention because of its superior electrochemical
activity compared to nickel oxides and cobalt oxides. Also, it is considered to be a
promising cost-effective alternative for RuO2.
Since the capacitance is generated by both the electric double-layer process and the
faradaic redox reactions (occurring at the surface and in the sub-surface/bulk regions of
the electrodes), the specific surface area and pore structure of the electrode materials are
critical factors for promoting electric double-layer capacitance. This can also be a
beneficial attribute for accommodating superficial electroactive species so that they
participate in the faradaic redox reactions, and for facilitating the mass transfer of
electrolytes [10].Morphology-controlled synthesis has been intensively investigated to
boost the specific capacitance of NCO electrodes by tuning the surface area and pore
structure. NCO nanostructures with various morphologies have been developed for
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energy storage devices, such as flower-like [11], porous [12], nanowire [13], and
nanoflakes [14] morphologies. Utilizing a three-dimensional (3D) conductive material
(such as Ni metal foam, carbon cloth) as a template to grow NCO nanomaterial is also a
very efficient method for constructing high performance supercapacitor electrodes with
improved specific capacitance [15, 16]. It is understood that the capacitance performance
depends largely on the morphology, porosity, and crystallinity of the electrode materials
and that porous structure is especially favourable for effective ion and electron
transportation. Another way to improve the electrochemical performance of a material is
to introduce conducting secondary phases such as carbon into the active electrode
material. In the past decade, carbon materials and their composites have always been
fascinating candidates in the energy storage field, such as carbon nanotubes, carbon
aerogel, graphene, reduced graphene oxide (rGO), etc. [17-19].Recently, researchers have
started focusing more on rGO because of its ease of fabrication and outstanding intrinsic
physical/chemical properties, including room-temperature electron mobility (2.0 × 105
cm2 V-1 s-1), high theoretical specific surface area (2630 m2 g1), and good chemical
stability[20]. More significantly, the intrinsic capacitance of rGO was found to be 21mF
cm-2. Due to these advantages, several NCO- rGO composites have been synthesized by
different methods, and these composites exhibited an excellent electrochemical
performance as electrode materials [21]. For instance, Wang et al. explored an NCO
nanowire-loaded rGO composite synthesized by a facile hydrothermal method using
hexamethylenetetramine as a structure directing agent, and it exhibited a high specific
capacitance of 737 F g-1 at 1 A g-1 [22].Microwave irradiation followed by mild heating
was adopted by Del Monte et al. to synthesize NCO-rGO nanocomposite. This material
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contains NCO nanoparticles embedded in the rGO composite and showed the high
specific capacitance value of 925 F g-1 at 1.5 A g-1[23].The synthesis methods discussed
so far are complex and time-consuming, however. In addition, there is a possibility of
restacking of rGO sheets, which can affect the electrochemical performance of the
nanocomposite. There is still scope to improve the electrochemical performance by tuning
the morphology of NCO-rGO to have uniform particle size and high surface area, while
avoiding the aggregation of rGO. Motivated by the aforementioned advantages of
nanostructuring and carbon composites, the present study profitably prepared a
mesoporous NCO on rGO nanosheet using a simple one-step hydrothermal route assisted
by ammonium hydroxide. The idea of creating such a structure was not only to cushion
the internal stress induced during the volume changes, but also to prevent the stacking of
rGO, making the composite more conductive. Moreover, the electrochemical tests
indicated that the as-prepared composite showed a positive synergism between the rGO
and the porous NCO, resulting in good pseudocapacitive behaviour in terms of high
specific capacitance, excellent rate capability, and good cycling stability. These
advantages, along with the ease of processing, make this NCO–rGO composite a potential
candidate for supercapacitor applications.
4.3. Experimental Procedures
4.3.1. Chemicals
Natural flake graphite with a particle size of 150 µm (99.9% purity) was purchased from Aldrich.
All other chemicals used in the present study are of analytical grade, purchased from Sigma
Aldrich, and used without further purification.
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4.3.2. Synthesis of graphene oxide (GO)
A modified Hummers method was used to synthesize GO [24, 25]. In a typical procedure,
23 ml of H2SO4 (98%) was added to 1 g of natural graphite flake in a round-bottom flask,
followed by vigorous stirring in an ice bath. Then, 3 g of KMnO4 was carefully added at a
controlled rate. The mixture was vigorously stirred for 2 h while maintaining the
temperature of the reaction at < 5 ºC. Subsequently, the mixture continued to react at
35oC for 6 h immersed in a preheated oil bath. Furthermore, 45 ml of deionized (DI)
water was added and stirred for another 2h. Then, the obtained mixture was transferred
into a 5L beaker, and H2O2 (35%) was gradually added until the mixture turned yellow. In
order to remove the excess manganese salt, dilute HCl solution (5% by volume) was
added. The obtained suspension of GO yielded a brown dispersion. Finally, the GO was
washed several times using distilled water until the pH of the dispersion was neutral.
4.3.3. Preparation of NiCo2O4 – rGO (NCO-rGO) nanocomposite
The NCO-rGO nanocomposite was synthesized by a hydrothermal method. The synthesis
involves the following steps: Different proportions of GO (20, 40, 60, 80, 100, and 120) mg were
dispersed in 40 ml distilled water using ultra-sonication for a period of 30 min. Then, 0.119 g
NiCl2·6H2O and 0.273 g CoCl2·6H2O were dissolved in 10 mL distilled water. The above
prepared solution was gradually added into the solution of GO over 1 h under vigorous magnetic
stirring to obtain a uniform solution. After that, NH4OH (25%) was dropped into the above
prepared solution under a constant rate of magnetic stirring while maintaining the pH of the
solution at ~11. After stirring for 8 h, the as-prepared solution was transferred into a 100 ml
Teflon-lined stainless steel autoclave. The reaction was carried out at 180 ºC for 24 h. Once the
reaction was completed, the autoclave was allowed to cool to room temperature. The obtained
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product was washed several times using distilled water followed by ethanol and was further dried
at 80 ºC in vacuum for 8 h. The obtained product was further calcined at 300 ºC for 4 h under Ar
atmosphere with a ramping rate of 2 ºC min-1 using a programmable furnace, to obtain the final
product, which is NCO-rGO composite. The pristine NCO was prepared by the same method
without adding GO. A schematic diagram of the synthesis procedure for NCO-rGO is shown in
Figure 4.2.

Figure 4.2. Schematic illustration of the synthesis procedure for NCO-rGO hexagonal
nanocomposite.
Figure 4.2. illustrates how the metal cations were coordinated with the functional groups of GO
to form a mixture of metallic ions and GO, and these metal cations were converted to clusters of
metal hydroxides by adjusting the pH of the mixture using ammonia. Furthermore, hydrothermal
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treatment followed by calcination yielded crystallite growth of NCO nanoparticles and the
reduction of GO to rGO.
4.3.4. Characterizations
The crystalline features, phase formation, and morphology of the synthesized samples
were investigated using powder X-ray diffraction (XRD, GBC MMA XRD), field
emission scanning electron microscopy (FESEM, JEOL JSM-7500FA), high resolution
transmission

electron

microscopy

(HR-TEM,

model:

JEOL

JEM-2011),

X-ray

photoelectron spectroscopy (XPS,SPECS GmbH), and Raman spectroscopy (JY HR800
Spectrometer). Gas adsorption studies were carried out using a Quantachrome Autosorb
MP instrument and high purity nitrogen (99.999 %). Surface areas were determined using
Brunauer-Emmett-Teller (BET) calculations. Pore size distributions were calculated using
the NLDFT slit-cylinder pore equilibrium model for N2 at 77 K as implemented in the
Quantachrome software (v3.0). The carbon weight percentage was determined using
thermogravimetric analysis (TGA, TGA/DSC 1 STAR System).
4.3.5. Electrode preparation and electrochemical measurements
Electrochemical tests of all NCO and NCO-rGO were firstly conducted using a threeelectrode system in 2 M KOH electrolyte. Pt mesh and Hg/HgO electrodes were used as
the counter and reference electrodes, respectively. The working electrodes were
constructed by mixing the active material (NCO or NCO-rGO) (80%), acetylene black
(10%), and polyvinylidene fluoride (PVDF) binder (10%) in N-methyl-2-pyrrolidinone
(NMP) solvent. The mixture was then stirred overnight, and the slurry was then loaded
onto the nickel foam (1.0 cm × 1.0 cm in area) and dried under vacuum at 80 ºC for10 h.
The electrode was pressed under 4MPa and dried overnight. The mass loading of active
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material was acquired by measuring the Ni foam before and after coating with the
material, using a microbalance with an accuracy of 0.01 mg. The nickel foam supported
electroactive material (1 cm2 in area) was directly used as the working electrode. The
mass loading of the NCO-rGO on nickel foam was calculated to be 0.85 mg cm-2. Cyclic
voltammetry (CV) measurements were performed on an electrochemical workstation
(CHI660B, Chenhua, Shanghai) in the potential range of 0−0.45 V (Hg/HgO) at different
scan rates. The galvanostatic charge-discharge tests were conducted on a LAND battery
program-controlled

test

system.

Electrochemical

impedance

spectroscopy

(EIS)

measurements (CHI660B) were carried out by applying an AC voltage 5 mV in amplitude
over a frequency range from 0.01 Hz to 100 kHz at open circuit potential.
The specific capacitance of the electrode (from the CV) was calculated according to the
equations (3.1) [26].The specific capacitance (C) in Fg-1and specific energy (E) in
W h kg-1 from the galvanostatic charge – discharge measurements was calculated using
the equations (3.2, 3.3).
4.4. Results and Discussion
Figure 4.3 shows the XRD patterns of the as synthesized NCO and the NCO-rGO
composites. The XRD patterns of the pristine NCO and the NCO-rGO composites exhibit
strong diffraction peaks corresponding to (111), (220), (311), (400), (422), (511), and
(440) planes. These diffractions peaks were indexed to the cubic face centred spinel type
NCO structure (JCPDS-20-0781). Additionally, in the case of NCO-rGO composite, a
diffraction peak of low intensity at ~25.30º was also observed, possibly due to the
presence of rGO in the composite. The XRD spectrum of graphite exhibits a strong
characteristic (002) peak at 26.4°. After the oxidation and exfoliation process, this peak
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disappears from the XRD pattern, and a new peak is observed at ~10.60°, corresponding
to the (002) planes of GO, which indicates that the graphite was converted into GO as
shown in Figure 4.4 .After the hydrothermal treatment, the peak was shifted to a higher
2θ value, ~25.09º, representing the rGO phase.

Figure 4.3. Powder XRD patterns of a) NCO b) NCO-9rGO, c) NCO-13rGO, d) NCO15rGO, e) NCO - 30rGO, and f) NCO-45 rGO hexagonal nanoplate composite
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Figure 4.4. XRD pattern of a) graphite powder, and b) graphene oxide and reduced graphene
oxide.
In order to find out the amount of rGO deposited on the NCO sample, TGA analysis was
conducted by collecting the material deposited onto the NCO-rGO (Figure 4.5). All these
collected NCO-rGO samples were heated from room temperature to 500 °C under normal
atmosphere at a ramping rate of 5 °C min-1. The weight loss around 100 °C could be attributed to
the loss of water from the sample. The weight loss around 460°C was due to the oxidation of
carbon. From this, the weight percentages of rGO in different samples were observed to be 0,
9,13,15,25,30, 45wt%.According to the wt% of rGO in the NCO-rGO composite, the samples
were designated as NCO, NCO-9rGO, NCO-13rGO, NCO-15rGO, NCO-30rGO, and NCO45rGO. The morphologies of the as-prepared samples were observed using FE-SEM
analysis. Figure 4.6 shows FE-SEM images of NCO and NCO-30rGO composites. Figure
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4.6 (a) presents 30-60 nm thick hexagonal-shaped nanoplates, consisting of NCO with
some small particles attached onto the surface.

Figure 4.5. TGA analysis of the NCO and different NCO- rGO nanocomposites.

Figure 4.6(b) presents the morphology of NCO–30rGO composites. The morphologies of
NCO-rGO with other rGO contents are shown in Figure 4.7 which shows the FE-SEM
images of NCO-9rGO, NCO-13rGO, NCO-15rGO, NCO-25rGO, and NCO-45rGO.These
samples showed a regular hexagonal nanoplate with some irregular nanostructures on the
surface. A closer evaluation of the NCO-30rGO image, however, demonstrates the layer
by layer stacking of the hexagonal nanoplates. This kind of stacking was not observed in
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the pristine NCO system. However, the FESEM images could not distinguish the phases of
rGO and NCO in the NCO-rGO sample, possibly because of the poor phase contrast.

Figure 4.6. High magnification FESEM images of a) pure NCO, and b) NCO-30rGO hexagonal
nanoplates composite.
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Figure 4.7. FESEM images of a) NCO-9rGO, b) NCO-13rGO, c) NCO-15rGO, d) NCO-25rGO,
and e) NCO-45rGO hexagonal nanoplate composites.

The flake-like morphology of GO and rGO are shown in Figure 4.8. The morphology of GO
seems to be wrinkled with fluffy-like structures. The wrinkled appearance of GO could be
attributed to the rapid heating of the graphite oxide. However, after the reduction, the
morphology seems to be flat nanosheet-like structures with less wrinkles.

Figure 4.8. FESEM images of (a, b) GO and (c, d) rGO at different magnifications.
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The morphology of the NCO and typical NCO-30rGO nanoplates were further examined by
TEM and HRTEM (Figure 4.9(a-d)). Figure 4.9(a) shows a TEM image of a hexagonal NCO
nanoplate, where the surface morphology reveals the presence of pores. Recent studies have
found that porous structures could act as an electrolyte ion reservoir, which could be formed
within the pores of the electrode materials. This provides spatial conﬁnement of the electrolyte
and ensures close contact between the electrode material and the electrolyte, as well as a stable
supply of electrolyte ions [27, 28]. Thus, the porous structure could provide better electrode/
electrolyte interaction, facilitating the electrochemical reactions. Figure 4.9(b) presents the
corresponding selected area electron diffraction (SAED) pattern, which reveals the crystalline
nature of the porous NCO nanoplate. This electron diffraction pattern is composed of welldefined rings, which can be readily indexed to the (111), (220), (311), (400), (422), (440), and
(511) planes of cubic spinel NCO. Figure 4.9(c) contains a TEM image of NCO-30rGO, where
the presence of thin layered rGO (1.8 nm) as a coating on NCO is very evident. The inset of
Figure 4.9(c) shows the corresponding SAED pattern, which reveals the crystallinity of the NCO
on rGO layers. Figure 4.8(d) and its inset present the HRTEM images of NCO-30rGO. The
HRTEM image in the Figure 4.9(d) shows the intact contact between rGO and the porous NCO
structure, which is an important attribute for improving the electronic conductivity of the NCO30rGO system. HRTEM also reveals a set of distinguishable parallel fringes (inset of Figure
4.9(d)) with d-spacing of 0.242 nm, corresponding to the (311) planes, and 0.468 nm
representing the (111) planes. The well wrapped NCO-30rGO structure is considered to be
electrochemically more active as compared to the pristine NCO sample. This rGO coating could
be beneficial for easy access of ions and electrons to the active surfaces, consequently enabling a
fast conversion reaction resulting in better power performance. Also, since the layers of rGO can
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work as a mechanical buffer, a large change in the volume of NCO can be accommodated
without particle isolation from the rGO layers, leading to improved cycling performance [29].

Figure 4.9. a) TEM image of NCO, b) corresponding SAED pattern, c) TEM image of NCO30rGO (inset: corresponding SAED pattern), and d) HRTEM image of NCO-30rGO (inset:
HRTEM showing the lattice fringes of NCO- 30rGO).
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Figure 4.10 presents a TEM image of the NCO-30rGO composite and the corresponding
energy dispersive spectroscopy (EDS) mapping. This elemental mapping provides clear
information on the elemental distribution within the hexagonal nanoplates and further
confirms that the NCO structure is well wrapped by layered rGO. Figure 4.11 shows the
elemental mapping of pristine NCO, which demonstrates the presence of nickel, cobalt,
and oxygen. Comparison of the EDS mappings of pristine NCO and NCO-30 rGO clearly
shows the presence of a thin layered uniform carbon coating on the NCO hexagon for the
NCO-30rGO system (see Figure 4.10and Figure 4.11).

Figure 4.10. a) TEM image of the NCO–30rGO composite and corresponding elemental
mappings of (b) nickel, (c) cobalt (d) oxygen, (e) carbon, and f) the combined Ni, Co, O, C
mapping.
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An HRTEM image and the corresponding SAED pattern of rGO are shown in Figure 4.12
(a). The HRTEM image of rGO sheets reveals a wrinkled paper-like structure. The SAED
pattern (Figure 4.12(b) shows a typical polycrystalline ring pattern consisting of many
diffraction spots, suggesting the destruction of long range ordering between the rGO
sheets.

Figure 4.11. a) TEM image, b) nickel, c) cobalt d) oxygen, e) combined elemental mapping of
NCO, and f) EDS spectrum of NCO nanoplate.
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Figure 4.12. (a) HRTEM image of rGO, and b) the corresponding SAED pattern.
For the better understanding of the surface chemical composition of the metals in NCOrGO nanocomposite and the conducting nature of rGO, the NCO-30rGO sample was
subjected to X-ray photoelectron spectroscopy (XPS). The deconvoluted spectra of Co 2p,
Ni 2p, C 1s and O 1s of NCO-30rGO composite are demonstrated in Figure 4.13. The
XPS survey spectrum of NCO-30rGO (Figure 4.13(a)) indicates the presence of the
elements Ni, Co, O, and C in the sample. The deconvoluted Co 2p spectrum shown in
(Figure 4.13 (b) consists of two spin-orbit doublets and an intense shakeup satellite. The
doublet peaks at binding energies of 796.3 and 779.5 eV are ascribed to Co3+ species,
while the other doublet peaks at binding energies of 798.1 and 781.8 eV are attributed to
Co2+ species [30] . Likewise, the Ni 2p deconvoluted spectra (Figure 4.13 (c)) shows two
spin-orbit doublets along with a shakeup satellite. The peaks at binding energies of 873
and 856.5 eV are indexed to Ni3+ species and other two peaks at 875.5 and 859 eV
demonstrate Ni2+ species [21,31]. The percentage calculations typically show that the
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hybrid NCO-rGO composite has larger amounts of Co3+ and Ni3+ ions than those of Co2+
and Ni2+ ions, which is in good agreement with the literature reports [32,33].Figure
4.13(d) shows three deconvoluted oxygen spectra, denoted as O1 (529.05 eV), O2
(530.4eV), and O3 (533 eV), respectively. The fitting peak of O1 at 529.05 eV is typical
of metal-oxygen bonds (Ni-O-Co). The component O2 is typically associated with
defects, impurities and a number of surface species including hydroxyls, chemisorbed
oxygen, and under-coordinated lattice oxygen on the surface of the spinel. The
component O3 located at 533 eV is attributed to physisorbed/chemisorbed water at or
near the surface. The deconvoluted C 1s spectrum (Figure 4.13 (e)) has three distinct
peaks at 288.3, 286.0, and 284.2 eV, corresponding to oxygenated carbon species: C=O,
C–OH, and C=C/C–C, respectively, on the rGO nanosheets. The highly intense C–C
bonds indicate the good conducting nature of rGO through the delocalized π electrons.
Also, these different bonds demonstrate the interaction of NCO with the rGO through
different ways, such as by covalent bonds, hydrogen bonds, and/or van der Waals
interactions [33, 34]. These results show that the surface of NCO-rGO composite contains
Co3+/2+ and Ni3+/2+ couples synergetic to each other and contribute to charge storage
processes[34].
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Figure 4.13.XPS spectra of a) XPS survey spectrum of NCO and NCO-30rGO
composite, b) Co 2p (c) Ni 2p (d) O 1s, and (e) C 1s, for NCO-30rGO composite.

Raman spectroscopy is a useful tool to determine the nature of the carbon phase in the composite
samples. Figure 4.14(a) shows the Raman spectra of the as prepared NCO and NCO-30rGO
composite samples. The characteristic Raman fingerprints of NCO are represented by bands at
477, 520, and 657 cm-1. They are almost hidden in the NCO-30rGO sample, because of the
strong carbon signals on the composite surfaces. The two strong carbon bands located at 1380
cm-1 (D band, defects and disorder in hexagonal graphitic carbon) and 1512 cm-1 (G band,
vibration of sp2 hybridized carbon atoms in the two-dimensional (2D) hexagonal lattice of
graphite sheets) demonstrate the coexistence of amorphous carbon and graphitic carbon. The
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Raman spectra of the GO and rGO samples show a prominent D-band at 1350 and 1352 cm-1 and
a G-band at 1605 and 1566.9 cm-1, respectively (Figure 4.14b). The intensity ratio of the D band
to the G band (ID/IG) is correlated with the average size of the sp2 domains. The smaller the sp2
domain is, the higher the intensity ratio. The ID/IG ratios of GO, rGO, and NCO-rGO composite
are, 0.84, 0.86, and 0.91, respectively. The high intensity ratio of the D to the G band (ID/IG =
0.91) of NCO-30rGO composite indicates that there are plenty of defects on the surface of rGO,
which could be beneficial for the strong adhesion of NCO particles to the rGO nanosheets [3537]. Moreover, the increased ID/IG ratios of rGO and NCO-rGO composite as compared with
that of GO indicates the effective reduction of GO during the synthesis [38].

Figure 4.14. a) Raman spectra of NCO and NCO- 30rGO hexagonal nanoplates, and b) Raman
spectra of GO and rGO.
The BET specific surface areas of the NCO-rGO with different proportion of rGO are
determined by N2 adsorption–desorption isotherms at 77 K, and the corresponding pore
size distributions are calculated by Barrett–Joyner–Halenda (BJH) method (Figure 4.15
Important structural parameters are derived from the isotherms and tabulated in Table 4.1.
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The BET isotherm and pore size distribution plots of rGO nanosheets are shown in Figure
4.15 (a and b). The specific surface area of rGO nanosheets is about 301.603 m2 g−1 which
is higher than the NCO-30rGO composite (144.3 m2·g-1) [30,35].The BET isotherms and
corresponding BJH pore size distribution plots of NCO-30rGO composite and pristine
NCO samples are presented in Figure 4.15 (c-f). Both the samples show type IV
isotherms, which indicate the mesoporous nature of the samples. The BET specific
surface areas for NCO-30rGO composite and pristine NCO samples are 144.3 m2 g−1 and
75.2 m2·g-1 , and their corresponding pore sizes are 2.2 and 3.1 nm, respectively. Further,
the high specific surface area of pure NCO can be mainly attributed to the mesoporous
structure of the nanosheets ;While the improved specific surface area of NCO–30rGO
composite can be ascribed to the existence of rGO sheets. Moreover, the improved
surface area of the NCO-rGO composite could be beneficial for the improved
electrochemical performance. Thus the NCO along with rGO could provide more active
sites, more channels and shorter distance for electrolyte ion diffusion, resulting in
improved specific capacitance [36].
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Figure 4.15. (a, c ,e) Nitrogen adsorption and desorption isotherms of rGO nanosheets, NCO,
NCO-30rGO composite and (b, d, e) show the corresponding BJH pore size distributions.
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Table 4.1. BET and BJH parameters.

The electrochemical performance of the NCO-30rGO composites with different proportions
of rGO for supercapacitors was investigated by cyclic voltammetry (CV) and
galvanostatic charge-discharge techniques in a three-electrode system. The NCO and
different

NCO-30rGO

electrodes

were

subjected

to

different

electrochemical

characterizations to evaluate their performance. The NCO-30rGO electrode showed
superior electrochemical performance as compared to other electrode systems (Figure
4.16). The specific capacitance of NCO, NCO-9rGO, NCO-13rGO, NCO-15rGO, NCO25rGO, NCO-30rGO, and NCO-45 rGO was measured to be 985, 1025, 1075, 1112, 1150,
1185, and 1166 Fg-1, respectively (Figure 4.16(a)), using the CV studies. Figure 4.16 (b)
shows the variation in speciﬁc capacitance as a function of rGO content. It was observed
that, as the rGO content increased to 30 wt%, the NCO-rGO electrode system showed an
increase in its speciﬁc discharge capacitance, which could be attributed to a) the effective
current collection and the reduced diffusion length provided by the rGO content in the
composite electrode, and b) the improved BET active surface area of NCO-30rGO (144.3
m2·g-1) as compared to the pristine NCO (75.2 m2·g-1) sample. (The surface areas of other
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NCO-rGO samples were observed to be ~ 91.7, 112.5, 133.6, 138.8, and 162 m2·g-1 for
NCO-9rGO, NCO-13rGO, NCO-15rGO, NCO-25rGO, and NCO-45rGO, respectively.)
The decrease in specific capacitance above 30 wt% rGO can be attributed to the reduced
active material (NCO) content. This can cause a reduction in the density of the active
NCO sites, which are the prime factor for the charge storage mechanism.

Figure 4.16. a) CV curves of the NCO and NCO-rGO hexagonal nanoplates for different weight
proportions of rGO, b) specific capacitance vs. weight of rGO, c) Nyquist plots recorded
between 1 Hz and 100 kHz, and d) cycling performance of NCO and different NCO-rGO
composites at 2 Ag-1.
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Furthermore, EIS analysis (Figure 4.16 (c)) and cycling stability studies (Figure 4.16 (d))
were also carried out to find the best performing electrode system. The NCO-30rGO
system was observed to be the best performing electrode, by taking all the
electrochemical characterizations into consideration. Thus, further electrochemical
performance evaluations were carried out using the NCO-30rGO sample and keeping
NCO as the standard. The CV curves of the electrodes made from both the NCO-30rGO
hexagonal nanoplates and the pristine NCO at different scan rates in the potential range of 0.0 to
0.45 V (vs. Hg/HgO) are displayed in Figure 4.16(a, b).
In NCO-30rGO composite, the CV curves (Figure 4.17 (a)) show a pair of redox peaks
associated with the reversible reactions of the Co2+ ↔ Co3+ and Ni+2 ↔ Ni3+ redox
couples. In the pristine NCO sample, however, the redox peaks are not prominent in the
CV curves (Figure 4.17 (b)). Thus, the interactions between NCO and rGO promote fast
electron transport, resulting in strong redox features of both Co+2 ↔ Co3+ and
Ni+2 ↔ Ni3+ in the NCO-30rGO composite. It is also worth noting that the CV curves of
the NCO-30rGOcomposite electrode show much larger integrated areas and specific
current than those of the pristine NCO electrode (Figure 4.17 (a, b)). This suggests that
NCO-30rGOhas higher electrochemical activity and a faster activation process.
Furthermore, the galvanostatic charge discharge characteristics (Figure4.17 (c, d)) at
different specific currents were used to evaluate the electrochemical performance of NCO
and NCO- 30rGOin the potential range between 0.0 and 0.45 V (vs. Hg/HgO).At a given
current, the NCO-30rGOelectrode showed superior charge storage performance and
higher specific capacitance than the pristine NCO electrode. This was due to its high
surface area, and the improved electronic conductivity provided by the rGO in the
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composite system. In addition, rGO prevents the aggregation of nickel cobalt oxide
particles and promotes effective redox reactions at the electrode/electrolyte interface. The
nonlinearity in the charge-discharge curves indicates pseudocapacitance behaviour owing
to Faradaic reactions occurring at the electrode/electrolyte interface [39, 40]. The main
charge storage mechanism resulting from the insertion/extraction of OH‒ at the
NCO/KOH interface can be represented as [41]:
NiCo2O4 + H2O + OH‒ ↔ 2CoOOH + NiOOH + 2e‒

(4.1)

CoOOH + OH‒ ↔ CoO2 + H2O + e‒

(4.2)

Figure 4.18 (a) shows the variation in the specific capacitance with scan rate and with discharge
current. The specific capacitances for NCO-30rGO were found to be 1018, 978, 919, 870, 806,
and 770 F·g-1 at scan rates of 1, 5, 10, 20, 30, and 50mV.s-1, respectively, based on Equation
(4.2).On the other hand, the specific capacitance values for the pure NCO electrode at the same
scan rates are 780, 716, 681, 612, 559, and 486 F·g-1. This result further confirms that the NCO30rGO electrode possesses great storage capacity and a high rate capability (see Figure
4.18(b)).The specific capacitances of the NCO-30rGO electrodes at different currents of 2, 4, 6,
and 8 A.g-1, were calculated using Equation (1) to be 1176, 1112, 1078, and 1020 F·g-1,
respectively. The specific capacitances of the NCO were calculated to be 980, 914, 875, and 812
F.g-1 at 2, 4, 6, and 8 A.g-1, respectively.
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Figure 4.17. a) CV curves of the NCO-30rGO hexagonal nanoplates at different scan rates, b)
CV curves of the NCO hexagonal nanoplates at different scan rates. c) charge/discharge curves
of the NCO-30rGO hexagonal nanoplates at different currents, and d) charge/discharge curves of
the NCO hexagonal nanoplates at different currents.

In both cases, the decrease in specific capacitance with increasing current or scan rate could be
attributed to the limited entry of the electrolyte into the bulk of the electrode and the insufficient
time to complete the electrochemical reactions.
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Figure 4.18. a) Specific capacitance vs. scan rate plot, and b) specific capacitance vs. discharge
current of the NCO and NCO-30rGO hexagonal nanoplates.
Electrochemical impedance studies of NCO and NCO-30rGO were carried out to understand the
interfacial properties. As seen in Figure 4.19(a), the Nyquist plots for both electrodes consist of a
semicircle representing the charge-transfer resistance (Rct) at the electrode interface, while the
inclined line (W: Warburg impedance) in the low-frequency region is attributed to ion diffusion
in the electrolyte to the electrode interface. The first intercept on the x-axis represents the
solution resistance (Rs). The reduction in the Rs value for the NCO-30rGO (0.21 Ω) as compared
to pristine NCO (17.29 Ω) could be attributed to the improved electronic conductivity of NCO30rGO provided by the rGO content. This lower Rs value would be beneficial in terms of better
power performance. The smaller semicircle (Rct) for NCO-30rGO (1.24 Ω) as compared to NCO
(28 Ω) indicates a lower electrochemical resistance than that of NCO. This result again confirms
that the interconnected rGO thin layers can increase the electrochemical conductivity of the
electrodes. The cycle life of supercapacitor is one of the most important parameters for practical
applications. Figure 4.19(b) shows the cycling performance for NCO-30rGO and pristine NCO
electrodes at a current density of 2 A g–1. The NCO-30rGO composite electrode shows excellent
cycling stability with ~98% capacitance retention over 10000 charge/discharge cycles, while the
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pristine NCO sample could only retain 90% of its capacitance at the end of 10000 cycles. This
improved cycling performance could be attributed to the unique nanocomposite architecture of
NCO-30rGO, where the thin rGO layer not only increases the electrode conductivity, but also
acts as a buffer layer that maintains the structural integrity of the electrode despite the large
volume changes during the charging and discharging cycles, as well as hindering aggregation of
NCO particles [42-44].

Figure 4.19.a) Electrochemical impedance spectra and b) cycling performance of the NCO and
NCO-30rGO samples
Overall, the NCO-30rGO composite electrode exhibits high specific capacitance and rate
capability, along with superior cycling performance. Such impressive electrochemical
properties can be attributed to (i) the presence of rGO in the NCO-30rGO composite
system, which enhances the effective specific surface area and shortens the diffusion and
migration paths for electrolyte ions; (ii) the intact contact between rGO and NCO, which
promotes the electronic conductivity of the composite electrode; and (iii) the effective
action of the rGO against the agglomeration of NCO during charge/discharge process
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[45,46] Table 4.2 compares the electrochemical performance of the present work with the
recent literature. The NCO-30rGO composite prepared in the present study exhibited
higher specific capacitance and cycling performance as compared to the literature
reported for similar NCO-rGO composites [20, 21, 30, 31, 38, 39,41-44].
Energy density and power density are the two key factors to evaluate the practical
applications of supercapacitors. A good electrode material is expected to provide high
energy density and capacitance at high charge/discharge rates. Therefore, Ragone plots,
the relationship between the energy densities and the power densities, are presented in
Figure 4.20.The specific energy and power densities are calculated from the
charge/discharge profiles using equations (3.2) and (3.3), respectively in chapter 3 . It can
be observed that, with increased power density, the energy density reduces slowly, which
reaches 33.5 W h kg−1 at a power density of 523.2 W kg−1, and still remains 19.8 W h
kg−1 at a power density of 8960 Wkg−1. These values are comparable with those of the
reported NCO based electrode materials [36, 47-51].
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Figure 4.20. Ragone plots of the NCO-30rGO composite.

As a preliminary study, the application of these NCO-30rGO electrodes was explored in a
fully functional cell by keeping rGO as the counter electrode in 2M KOH solution
(Figure4.20). The total specific capacitance of the device was observed to be~88 F·g-1.
For a capacitor, the total capacitance is measured as C = C1C2/ (C1+C2), where C1 is the
capacitance of the working electrode and C2 is the capacitance of the counter electrode.
To achieve good device performance, an optimal high capacitance counter electrode
(preferably a faradaic system) needs to be identified. Our group is currently focusing on
this area.
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Table 4.2. Comparison of the electrochemical performance of NCO-30rGO in the present
study with reports in the literature.
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Figure 4.21. a) CV curves, b) charge /discharge curves, c) Nyquist plots recorded between 1 Hz
and 100 kHz, and d) cycling performance of the NCO-30rGO device in 2 M KOH solution.
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4.5. Conclusions
We demonstrated a facile hydrothermal route for preparing NCO and the NCO-rGO
nanocomposites. Wrapping NCO hexagonal nanoparticles with rGO sheets has been
proven to have a profound influence on the properties of NCO. It was observed that the
NCO-rGO composites exhibited enhanced electrochemical properties as compared with
the pristine NCO hexagonal nanoplates. The NCO-30rGO composite can achieve a
maximum average specific capacitance of 1185 F g-1 at the current density of 2 A g-1 and
can retain 98% of the initial capacitance after 10000 cycles of charging and discharging.
The improved electrochemical performance of NCO-30rGO composite as compared to
the pristine NCO sample can mainly be attributed to the presence of well-connected
networks of rGO. This well connects rGO enables more contact between the active
material surface and electrolyte ions during the charge/discharge process. In addition, it
shortened the diffusion paths for electrolyte ions and provided easy access of electrolyte
ions into the redox centres. This approach provides a facile route for synthesizing
conducting carbon-metal oxide composites with porous structure. Its remarkable
electrochemical performance will undoubtedly make the NCO-rGO composite an
attractive candidate for high performance electrode materials for future energy storage
applications.
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CHAPTER 5
NiFe2O4 Nanoparticles Embedded on 3D Graphene Capsules as an Electrode for
Advanced Energy Storage Applications

5.1. Graphical abstract
The electrode fabrication technique employed in the present study utilizes NiFe2O4 (NFO)/
graphene capsules (GCs) to generate a three-dimensional nanoarchitecture. The NFO embedded
on GCs exhibits improved electronic conductivity, thus providing enhancement of the overall
performance of the electrode system, which includes high specific capacitance (1028 F.g-1),
remarkable cycling stability with ~94% capacitance retention at the end of 10000 cycles at2A g-1,
etc.

Figure 5.1. Graphical abstract showing the performance of electrode material and structure of
the NFO-GCs.
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5.2. Introduction
Researchers around the globe have started to intensively focus on the development of sustainable
and environmentally friendly energy sources in order to address the rapidly increasing energy
consumption that is coupled with the global warming [1-4]. There are many potential renewable
energy sources, such as solar, hydro, wind, biomass, and geothermal heat [5]. These energy
sources on their own cannot satisfy high energy demands, however, because they are intermittent
in time and localized in space[6]. The solution to this is to couple different energy storage
systems with these energy generation units to meet the increasing energy demands. Among the
different energy storage systems, supercapacitors have attracted much attention because of their
promising properties, such as high power density, long cycle life, and high reliability. Recently,
much research has been done on transition metal oxide and hydroxide materials because of their
high theoretical capacitance and abundance in nature [7, 8]. Among them, multi-cation oxides
have attracted considerable attention as pseudocapacitive materials, compared with the single
oxides, due to their superior electrochemical performance. Among these multi-cation oxide
materials, the spinel transition metal oxides with the AB2O4 crystal formula (A, B = Mn, Fe, Ni,
Co, Zn, Mg, etc.) have been considered as potential candidates due to the feasibility of tuning the
electrochemical properties by varying the metal content [9, 10]. Here, the two cations can occupy
the tetrahedral (A) or octahedral (B) sites in the face-centred cubic (FCC) lattice in the spinel
structure. The resultant coupling of bimetallic oxides in the spinel structure could improve the
electrical conductivity and electrochemical kinetics as compared to their single metal oxide
counterparts. In the last decade, NiCo2O4 has been one of the mostly investigated materials with
spinel structure because of its good electrical conductivity and excellent electrochemical
performance [8,11]. Due to the low potential window (0.35–0.6 V) of NiCo2O4, however, and the
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usage of expensive Co, its further investigation for commercial and practical applications has
been limited. Therefore, alternate spinel structures need to be extensively investigated due to the
practical considerations. Replacing expensive cobalt with low-cost and environmental friendly
iron could be an effective step in this aspect [12, 13]. Herein, this NiFe2O4 (NFO) crystal has an
inverse spinel structure with Fe3+ ions at the A sites and Ni2+ ions at the B sites with equal
distributions. Also, the electrons or holes move rapidly into/out of these tetrahedral and
octahedral positions, leading to good electronic conduction [14-16]. In addition, this inverse
spinel structured material offers high theoretical capacitance and operating potential compared
with other metal oxides. Although the NFO materials have high theoretical capacitance, reported
studies have been limited and do not exhibit outstanding performances. For instance, a study on
NFO synthesized by the sol-gel technique reported a capacitance of 97.5 F g-1 in NaCl aqueous
electrolyte [17]. Later, Hao’s group prepared NFO – reduced graphene oxide (rGO) electrode
and reported a capacitance of 218.47 F g-1 in Na2SO4 aqueous electrolyte with ~50% of the initial
capacitance remaining after 500 cycles of consecutive charge/discharge[18]. Recently, Hu et al.
prepared hierarchical NFO nanocones on carbon textile and reported a capacitance of 584 F g-1 in
aqueous LiCl electrolyte, with capacitance retention of 93.5% after 10000 cycles [19] . The
highest reported capacitance for NFO is 1135.5 F g-1 in H2SO4, with capacitance retention of
~91% for 3000 cycles [20]. Thus, from the practical standpoint, a proper balance between
capacitance, cycling stability, and cost should be required.
The present study tries to address this by creating a novel composite material, NFOgraphene capsules (GCs) (NFO–GCs) (A schematic diagram of the synthesis procedure is
shown in Figure 5.2.
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Figure 5.2. Schematic illustration of the preparation steps for NFO–GCs nanocomposite.
In general, composite materials can overcome the limitations of their individual
components. Here, the GCs provide percolating conducting pathways for the active NFO
material, and thus play a pivotal role in the effective current collection. Apart from oneand two-dimensional (1D and 2D) conducting carbon, these three-dimensional (3D) GCs
were more beneficial for enhancing the electrochemical performance of the electrode
system by providing a 3Ddistribution of the material in and around the GCs, resulting in
maximum usage of the active material. As expected, the 3D distribution of NFO in and
around the GCs improved the electrochemical properties of the composite sample. This
functionally graded supercapacitor electrode benchmarks the highest-ever stable (94 %
capacitance retention after 10000 cycles of charge/discharge) electrode based on NFO.
This supercapacitor also exhibited an excellent initial capacitance of ~1028F g-1at 2 A g-1.
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5.3. Experimental Procedures
5.3.1. Chemicals
GCs were prepared using a combustion chemical vapor deposition method (CCVD). All other
chemicals used in the present study were of analytical grade, purchased from Sigma Aldrich, and
used without further purification.
5.3.2. Synthesis of GCs:
The GCs were synthesized by the CCVD method by using the catalytic decomposition of
highly pure acetylene without any carrier gas. ZnO nanoparticles were used as catalysts
and as substrate to obtain the hollow capsule structure. In a typical CCVD process, 200
mg of ZnO nanoparticles were heated up to 700°C under vacuum, using a quartz tube and
crucible. When the temperature was maintained at 700°C for 30 min, C2H2 was purged
into the quartz tube for 30 min at a 50 mL/min flow rate. Then, the tube was allowed to
naturally cool down to room temperature. The obtained sample was collected and washed
with nitric acid for 24 h using an ultrasonicator in order to remove the ZnO particles.
Finally, the samples were subjected to 5 more washes in water and ethanol. The obtained
GCs were dried at 60 °C for 4 h in a vacuum oven [21].
5.3.3. Synthesis of NFO –GCs nanocomposite
The synthesis involved the following steps: Different proportions of GCs (2, 8, and 18) wt %
were dispersed in 40 ml of distilled water using ultrasonication for a period of 30 min. Then,
0.29 g of Ni(NO3)2∙6H2O, 0.81 g of Fe(NO3)3∙9H2O and 0.2 g of cetyltrimethylammonium
bromide (CTAB) were dissolved in 32 mL H2O to form a clear solution. The above prepared
solution was gradually added into the solution of GCs over 1 h under vigorous magnetic stirring
to obtain a uniform solution. After that, NH3 (3 ml) was dropped into the above prepared solution
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under a constant-rate of magnetic stirring, while maintaining the pH of the solution at ~11. After
stirring for 5 h, the as-prepared solution was transferred into a 100 ml Teflon-lined stainless steel
autoclave. The reaction was carried out at 180 ºC for 15 h. Once the reaction was completed, the
autoclave was allowed to cool to room temperature. The obtained product was washed several
times using distilled water and ethanol, and was further dried at 70 ºC in vacuum for 8 h. This
dried product was further calcined at 450 ºC for 4 h under an argon atmosphere with a ramping
rate of 2 ºC min-1 using a programmable tube furnace, to obtain the final product, which was
labelled as NFO–GCs. Pristine NFO was prepared by the same method without adding GCs.
The possible reaction mechanism for the formation of NFO nanostructures is given below
[22]:
NH3 + H2O → NH4+ + OH−

(5.1)

Ni2+ + 2Fe2+ + 6OH− → NiFe2 (OH)6

(5.2)

NiFe2 (OH)6+1/2O2→NiFe2O4 + 3H2O ↑

(5.3)

5.3.4. Characterizations
The morphological and structural features of GCs, NFO nanoparticles, and NFO–GCs
nanocomposite were investigated through powder X-ray diffraction (XRD, GBC MMA XRD),
field emission scanning electron microscopy (FESEM, JEOL JSM-7500FA), high resolution
transmission electron microscopy (HR-TEM, model: JEOL JEM-2011), X-ray photoelectron
spectroscopy (XPS-SPECS GmbH), Raman spectroscopy (JY HR800 Spectrometer), and Fourier
transform infrared (FTIR) spectroscopy (Shimadzu FTIR Prestige-21).Gas adsorption studies
were carried out using a Quantachrome Autosorb MP instrument and high purity nitrogen
(99.999 %). Surface areas were determined using Brunauer-Emmett-Teller (BET) calculations.
Pore size distributions were calculated using the NLDFT slit-cylinder pore equilibrium model for
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N2 at 77 K as implemented in the Quantachrome software (v 3.0). The carbon weight percentage
was determined by thermogravimetric analysis (TGA, TGA/DSC 1 STAR System). All the phase
and morphology characterizations were conducted on the optimised sample (NFO–8GCs) by
taking pristine NFO and GCs as standards.
5.3.5. Electrode preparation and electrochemical measurements
The working electrode was prepared by mixing 80 wt% active material (NFO–GCs composite
material or NFO nanoparticles), 10wt% carbon black, and 10 wt% polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone. The mixture was then stirred overnight and the slurry was
loaded onto nickel foam (1 cm × 1 cm in area) and dried at 120 ºC for 12 hours under vacuum.
The electrode was pressed under 4 MPa. The loading mass of active material was acquired by
weighing the electrode with a microbalance with accuracy of 0.01 mg. The nickel foam
supported electroactive material (1 cm2 in area) was directly used as the working electrode. The
mass loading of the NFO–GCs on nickel foam was about (0.6-0.75) mg cm-2. The
electrochemical measurements were carried out in a three-electrode system, where Pt foil,
Hg/HgO electrode, and the NFO electrodes were used as the counter, reference, and working
electrodes, respectively. 2MKOH aqueous solution was used as the electrolyte. Cyclic
voltammetry (CV) measurements were performed using an electrochemical workstation
(CHI660B, Chenhua, Shanghai) in the potential range of 0−0.4 V (Hg/HgO) at different scanning
rates. The galvanostatic charge-discharge tests were conducted on a LAND battery programcontrolled test system. Electrochemical impedance spectroscopy (EIS) measurements (CHI660B)
were carried out by applying an AC voltage of 5 mV amplitude over the frequency range of 0.01
Hz to 100 kHz at open circuit potential.
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5.4. Results and Discussion
Powder X-ray diffraction (XRD) patterns were used to investigate the crystallographic structure
of NFO and NFO-8GCs (Figure 5.3a). All diffraction peaks in the XRD pattern can be readily
indexed by the inverse spinel phase of NFO, which are consistent with the values of the standard
card (JCPDS card no. 10-0325) with a cubic lattice. The intense diffraction peaks demonstrate
the crystalline nature of the material. The crystal has a complete inverse spinel structure with the
space group Fd3m [25, 26]. The presence of GCs phase was not observed in the XRD patterns of
the NFO-8GCs samples, probably due to the strong and sharp reflections from NFO. Figure 5.3b
shows the XPS survey spectra of the NFO and NFO–8GCs samples. The survey scans of the
samples identified the presence of iron (Fe 2p), nickel (Ni 2p), and oxygen (O 1s).
The C 1s spectrum of NFO–GCs was deconvoluted to reveal the nature of the carbon in the
composite sample. The spectrum revealed the presence of 3 distinct peaks of C–C, C–OH, and
C=O at binding energies of 284.8 eV, 286.8 eV, and 288.2 eV respectively. The higher intensity
of the C–C bond as compared to the C–OH and C=O bonds indicates the good electrical
conductivity of these carbons through the delocalized π-electrons (Figure 5.3c). For a detailed
understanding of the nature of the GCs in the composite sample, Raman analysis was carried out.
Figure 5.3d shows the Raman spectrum of the GCs. The characteristic D and G bands of the GCs
are located at 1325.4 and 1572.8 cm−1, respectively. The D band is associated with disordered
samples or graphene edges, while the G band is the result of the first-order scattering of the E2g
mode of sp2 carbon domains. The 2D band at 2663.8 cm−1 is the second order of the D band,
which is also presented as an overtone of the D band; in general it appears as the result of twophonon lattice vibrations. Unlike the D band, it does not need to be activated by proximity to a
defect, so it does not represent defects in the graphene system. The high intensity D and low
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intensity 2D band demonstrate the multilayered nature of the GCs. Figure 5.3e shows the Raman
spectra of the pristine NFO nanoparticles. An intense A1g band in the range of 670–710 cm-1 is a
common Raman feature of the inverse spinel structure. The Raman bands around 498 cm-1, 573
cm-1, 666 cm-1, and 707 cm-1are assigned to the pure NFO crystal phase. In case of the NFO8GCs composite sample, after in situ growth of NFO nanoparticles on the graphene capsules, the
D and G bands were shifted to 1321.2 cm−1 and 1574.9 cm−1, respectively (Figure 5.3f). In
addition, the intensity of the 2D band for the NFO–8GCs is strongly weakened compared to that
for the pure GCs. The shifts of the D and G bands and the decrease in intensity of the 2D one for
the graphene capsules with NFO nanoparticles should possibly be ascribed to the strong
interaction of NFO on the GC surface [31]. In addition, an increase in the peak intensity ratio
(ID/IG) values for the NFO–GCs composite (ID/IG = 0.73) was observed as compared to the pure
GCs system (ID/IG = 0.56). This larger value indicates the presence of disordered carbon atoms
and/or reduction of the crystallite size in the graphite domains of GCs in the composite
sample[32,33]. The reason for this could be the damage induced on the GC walls by the NFO
during the in-situ growth. The peaks below 1000 cm-1 represent different Raman vibration modes
of NFO.
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Figure 5.3.(a) Powder XRD patterns, (b) XPS survey spectrum of NFO and NFO–8GCs, (c)
deconvoluted C 1s spectrum of NFO–8GCs, (d-f) Raman spectra of the GCs, NFO, and NFO–
8GCs.

140

The XRD pattern of pure GCs showed a typical quasi-graphene structure, with
characteristic peaks around 26° and 42°, which represents (002) and (100) planes figure
5.4(a). To know more about the nature of GCs in the composite sample, FTIR, XPS, and
Raman spectroscopy were carried out. Figure 5.4(b) shows the FTIR spectra of NFO,
NFO–8GCs, and GCs. The bands around 3441 cm-1 and 1631 cm-1 are attributable to the
different stretching and bending modes of absorbed water. The band at 505 cm-1
represents the stretching vibrations (Fe↔O) of the positive ions at the tetrahedral sites,
while the band at 424 cm-1 represents the stretching of Ni↔O in the octahedra. These two
absorption peaks demonstrate the inverse spinel structure of NFO crystal [27,28]. The
FTIR spectrum of pristine GCs showed a broad band at 3448 cm-1, exhibiting the strong
stretching modes of the OH groups. The absorption peak at 1635 cm-1 represents the C=C
stretching mode, and the peaks at 3448, 1635, and 1240 cm-1 are ascribed to the stretching
modes of O–H , C=C, and C–OH, respectively. The spectrum of NFO–8GCs
nanocomposite exhibited the characteristic absorption peaks of both NFO and GCs. The
peaks observed in the range of 2846 to 2916 cm-1 represent the C–H stretching vibrations
[29]. The bands located around 2340 to 2355 cm-1 in all three samples showed the
presence of atmospheric CO2. We noticed some small changes in the peak positions of the
composite samples as compared to their pristine counterparts, which could be attributed to
the interaction between NFO nanoparticles and GCs. Figure 5.4(c-e) comparison of Fe 2p,
Ni 2p, and O 1s deconvoluted XPS spectra of NFO‒8GCs nanocomposite. The high
resolution Fe 2p spectrum exhibited two main peaks, one peak around 711.46 eV and
another peak around 725.18 eV corresponding to Fe 2p3/2 and Fe 2p1/2 respectively (Figure
5.4c). The Ni 2p spectrum binding energy peaks around 855 eV and 868.02 eV represent
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Ni 2p3/2 and Ni 2p1/2, respectively (Figure 5.4 d). The presence of the single peak in the O 1s
spectrum centered at 530.6 eV (Figure 5.4e) indicates that impurities were not present in the
nickel ferrite clusters. All these elemental components and the observed valences are in good
agreement with previously reported NFO [30]
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Figure 5.4. Powder XRD patterns of a) graphene capsules (GCs), b) FTIR spectra of GCs, NFO,
and NFO‒8GCs nanocomposite and comparison of c) Fe 2p, d) Ni 2p, and e) O 1s deconvoluted
XPS spectra of NFO‒8GCs nanocomposite.
The morphology of the NFO, GCs and NFO–8GCs composites were investigated using scanning
field emission electron microscopy (FESEM), and high resolution transmission electron
microscopy (HR-TEM) studies (Figure 5.5). The FESEM image of NFO powder is shown in
Figure 5.5a. The particle size of the pristine NFO was observed to be in nanometre range. Figure
5.5b presents a FESEM image of pure GCs, which exhibit an irregular hollow capsule like
structure. The NFO–8GCs image indicates that there are small NFO particle like structures
attached on the hollow GCs (Figure 5.5c). However the exact distribution of NFO particles on
GCs was not very evident from the FESEM images (probably due to the low resolution). Thus, to
know more about the distribution of the composite sample, HRTEM images were taken. Figure
5.5(d, e) shows the good distribution of small NFO nanoparticles on the hollow GCs.
Furthermore, these images revealed the close contact between the NFO particles and the GCs,
even after the long ultrasonication during the TEM sample preparation step. The strong
attachment of the NFO particles to the GCs reveals the benefit of the in-situ growth of NFO
nanoparticles on the GCs, which could provide better synergistic effects among the components,
which would be impossible by simple mixing of the two components, thus providing continuous
electronic conductivity for the composite sample (Figure 5.5f, g). The selected area electron
diffraction (SAED) pattern in the inset of Figure 5.5f, presents bright electron diffraction spots
from the NFO particles in the Debye ring of GCs, corresponding to the d-spacing of 0.23 nm for
the (222) lattice planes. The HRTEM images of NFO (Figure 5.5g) also present clear lattice
fringes with d-spacing of ~0.25 nm and 0.29 nm, corresponding to (311) and (220) planes.
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Figure 5.5(h-m) presents TEM images of the NFO–GCs composite and the corresponding energy
dispersive spectroscopy (EDS) mapping. This elemental mapping provides clear information on
the elemental distribution within the nanocomposite and further confirms that the NFO structures
are effectively embedded in the hollow GCs.
In addition to this, Figure 5.6 (a, b) shows the presence of the NFO nanoparticles on the
outer and inner surfaces of the GCs. The presence of NFO nanoparticles in the core of the
GCs is considered to be very promissing in terms of maximum utilization of the active
material, leading to enhanced electrochemical properties. The hollow nature of the GCs
can be clearly observed in the TEM images in Figure 5.6 (c-e), where they are shown to
have a diameter of 100-200 nm and a wall thickness of 10 nm. The higher magnification
TEM images of the composite samples reveal the crystallinity of NFO, where the active
NFO particles with a size of 10-20 nm are effectively embedded in the GCs capsules with
an average size of 150 nm. This GC matrix acts as an effective bridge for the electron
conduction between the NFO nanoparticles, Furthermore, the HRTEM images of the GCs
reveal the lattice fringes in the walls (Figure 5.6e) The corresponding SAED pattern
shows the polycrystalline diffraction pattern on the Debye rings, corresponding to the dspacing of 0.34 for the (002) lattice planes (Figure 5.6f).
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Figure 5.5. Low magnification FESEM images of (a) pure NFO, (b) GCs, (c) NFO–8GCs
composite, (d, e) TEM images of NFO–8GCs, (f, g) HRTEM images of NFO-8GCs (inset of (f):
corresponding SAED pattern), h) TEM image of NFO–8GCs, (i-l) corresponding elemental
mapping and (m) the combined elemental mapping.
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Figure 5.6. (a, b) TEM images of NFO-8GCs showing the presence of internal and external NFO
in the GCs system and(c,d) TEM images of GCs, e) HRTEM image of GCs, f) corresponding
SAED pattern.
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The electrochemical performances of pure NFO and different NFO–GCs composites were firstly
evaluated in a three-electrode system with 2 M KOH as electrolyte. Figure 5.7a shows the CV
curves of the pure NFO and the NFO-GCs composites with different ratios of carbon at a scan
rate of 1 mV s−1. The carbon content was obtained through TGA analysis (Figure 5.8). Compared
to the pure NFO electrode, the NFO–GCs composite electrode exhibits increased CV curve area,
suggesting its enhanced electrochemical redox activity. Figure 5.7b shows the charge-discharge
(CD) curves of NFO–GCs composite with different ratios of GCs and pure NFO at a current
density of 2 A g−1. Figure 5.7c shows the variation in specific capacitance as a function of GC
content. The specific capacitances of NFO–GCs were found to be 510, 730, 1012, and 925 F g-1
at the scan rate of 1 mV s-1, for NFO, NFO–2GCs, NFO–8GCs, and NFO–18GCs, respectively,
where the numbers represent the carbon content in the composite sample. The NFO–GCs
composites show more extended discharge time than the pure NFO, indicating that the NFO–
GCs composite delivers higher specific capacitance than pure NFO. Figure 5.7d shows the
corresponding specific capacitance vs. carbon content graph, where the capacitance values for
NFO, NFO–2GCs, NFO–8GCs, and NFO–18GCs were calculated to be 712, 855, 1023, and 940,
respectively. From the CV and CD analyses (Figure 5.7a-d), it was observed that, as the GC
content increased to 8 wt%, the NFO–GCs electrode system showed enhanced specific
capacitance. This could be attributed to (a) enhanced electronic conductivity, b) reduced
diffusion length provided by the GC content in the NFO-8GCs composite system, and (c) the
improved BET active surface area of the GCs (509.99) and NFO-8GCs (43.643 m2 g-1) as
compared to pristine NFO (15.642 m2 g-1) sample (Figure 5.9).
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Figure 5.7. (a) CV curves of the NFO and NFO–GCs nanocomposites with different weight
proportions of GCs, (b) charge/discharge curves (CD) of the NFO–GCs with different ratios of
GCs, (c, d) specific capacitance vs. weight of GCs from CV and CD analyses respectively, (e)
Nyquist plots recorded between 1 Hz and 100 kHz, and (f) cycling performance of NFO and
different NFO–GCs nanocomposites at 2 Ag-1.

Figure 5.8.TGA analysis of the NFO‒ GCs nanocomposites with different ratios of GCs.
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Figure 5.9.(a, c, e) Nitrogen adsorption and desorption isotherms of the GCs, NFO, and
NFO‒8GCs composite, while (b, d, e) show the corresponding Barrett-Joyner-Halenda (BJH)
pore size distributions.
Table 5.1 shows the surface area and pore size of NFO and NFO– 8GCs. The decrease in
specific capacitance beyond 8 wt% GCs could be attributed to the reduced relative
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amount of NFO active sites, which could cause a net reduction in the density of the active
NFO sites; these are the prime factor for the charge storage mechanism.
Table 5.1. BET surface area and pore size of GCs, NFO and NFO-GCs

Samples

BET specific surface
area (m2 g-1)

BJH pore volume

Average pore size ( nm)

GCs

509.99

3.68E-01

7.5

NFO

15.642

1.57E-02

10.7

NFO-8GCs

43.643

3.47E-02

7.6

(cc g-1)

Furthermore, to find the optimal performing electrode system for full cell fabrication,
electrochemical impedance spectroscopy (EIS) and cycling studies were carried out. EIS
studies of NFO and NFO–GCs with different ratio were carried out to understand the
interfacial properties. As seen in Figure 5.7e, the Nyquist plots of the NFO and NFO–GCs
electrodes consist of a semicircle, representing the charge-transfer resistance (Rct) at the
electrode interface, and a low frequency inclined line (W: Warburg impedance),
representing the ion diffusion in the electrolyte to the electrode interface. The first
intercept on the x-axis represents the solution resistance (Rs). The reduction in the Rs
value of the NFO–GCs as compared to pristine NFO could be attributed to the improved
electronic conductivity of NFO–GCs provided by the GC content (Table 5.1). This lower
Rs value could be beneficial in terms of better power performance. The reduced Rct values
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of NFO–GCs as compared to their pristine counterpart indicate their lower
electrochemical resistance (Table 5.2).
Table 5.2. Solution resistance (Rs), charge transfer resistance (Rct), initial capacitance and
capacitance retention of NFO and NFO-GCs .
Samples

Rs

Rct

Capacitance

(Ω)

(Ω)

F. g

Retention %

NFO

4.7

4.18

720

88

NFO-2GCs

3.10

3.23

860

90

NFO-8GCs

0.92

1.42

1028

94

NFO-18GCs

0.54

1.39

945

92

-1

Capacitance

This result again confirms the pivotal role of GCs in the electrochemical properties of the
composite electrodes. The cycling performance of NFO and the different NFO–GCs
systems were further evaluated by CD tests at a current density of 2 A g−1 for 10000
cycles (Figure 5.7f). All the electrodes showed promising capacitance retention at the end
of 10000 cycles of charge-discharge (Table 5.2). The NFO–8GCs electrode showed
excellent specific capacitance retention of ~94% after 10000 cycles of consecutive
charging and discharging, while NFO could only retain 88%. On taking all the
electrochemical characteristics of NFO and different the NFO–GCs systems into
consideration, the best performing electrode system was observed to be NFO–8GCs. Thus,
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further electrochemical performance evaluations were carried out using the NFO–8GCs
sample.
In Figure 5.10.a shows the CV curves of the NFO–8GCs electrode at various scan rates
from 1 to 50 mV∙s−1. The shapes of the CV curves correspond well with the increasing
scan rate, and the redox peaks still can be observed even at the higher scan rate,
suggesting the fast and reversible capacitive characteristics and the excellent rate
performance of the electrode. Figure 5.10b shows the CD curves of NFO–8GCs
composite at different current densities from 2 to 9 A∙g−1. Figure5.10(c, d) shows the
variation in the specific capacitance with scan rate and with discharge current. The
specific capacitances of NFO–8GCs were found to be 1012, 910, 815, 689, 580, and 462
F g-1 at scan rates of 1, 5, 10, 20, 30, and 50 mV s-1, respectively, based on equation (5.4).
This result further confirms that the NFO–8GCs electrode possesses great storage
capacity and high rate capability (Figure 5.10c). The specific capacitances of the NFO–
8GCs electrodes at different current densities of 2, 3, 4, 5, 7, and 9 A g-1 were calculated
using equation (5.5) to be 1023, 928, 840, 733, 565, and 488 F g-1, respectively. In both
cases, the reduction in specific capacitance with current or scan rate could be attributed to
the limited entry of electrolyte into the electrode bulk, as well as the insufficient time to
complete the electrochemical reactions.
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Figure5.10. (a) CV curves of the NFO–8 GCs at different scan rates, (b) charge/discharge
curves of the NFO– 8GCs at different current densities, c) Specific capacitance vs. scan
rate plot, (d) specific capacitance vs. discharge current of the NFO–8GCs, and e) Ragone
plot of the NFO–8GCs nanocomposite.
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Figure 5.10e shows the Ragone plot of NFO–8GCs electrodes, which demonstrates the
relationship between the energy density and the power density. The specific energy density (E in
Wh kg−1) and specific power density (P in W∙kg−1) were obtained using equations (3.2) and
(3.3). It can be observed that, with increasing power density, the energy density is slowly
reduced. The highest energy density was calculated to be 22.2W h kg-1 with a moderate power
density of 200 W∙kg-1. The highest obtained power density was 7000 Wkg-1 with an energy
density of 18W h kg-1.

Figure 5.11. a) CV curves, b) charge /discharge curves, c) Nyquist plot recorded between 1 Hz
and 100 kHz, and d) cycling performance of the NFO‒8GCs solid state device.
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An asymmetric supercapacitor was fabricated in a two-electrode coin cell (CR2032) to
evaluate the electrochemical performance of NFO–8GCs for practical application (Figure
5.11). The solid-state asymmetric supercapacitor was successfully assembled using NFO
/GCs as the positive electrode and activated carbon (AC) as the negative electrode. The
PVA– KOH gel was used as both the separator and electrolyte. The PVA-KOH gel was
prepared by mixing 3 g KOH and 6 g PVA in 60 mL DI water, which was then heated up
to 80˚C under stirring condition until the solution became clear. The loading mass of
materials on positive and negative electrode was controlled precisely based on the charge
balance mechanism .All the electrochemical measurements were tested at room
temperature. This study shows that the prepared NFO /GCs electrode offers great
potential in energy storage device applications. cell was calculated to be ~86 F·g-1. Different
electrochemical characterizations of the full cell are provided in Figure 5.11. Comparing the
electrochemical performance in the present study with previous reports on NFO (Table 5.3)
[19,20,22,33-35].These results show that the present NFO–GCS electrodes exhibit the best
electrochemical performance in terms of specific capacitance and cycling performance to date.
There is further scope to improve the full cell performance, however, by creating a new
architecture for NFO or by selecting an appropriate faradaic counter electrode. Moreover, this
novel NFO–GCs composite can be explored in other advanced energy storage applications.
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Table 5.3. Electrochemical performance comparison of present system with different
reported NFO system.

5.5. Conclusions
In summary, the developed a novel NFO–GCs nanocomposite with enhanced
electrochemical properties using a combination of CCVD and a facile hydrothermal
technique. The thus-prepared composite structure showed a high specific capacitance of
1028 F∙g-1 at a scan rate of 2 A∙g-1 with excellent cycling stability and 94% capacitance
retention after 10000 cycles. In this study, the in-situ growth of NFO on GCs is a key
factor that enhances the electrochemical performance of the electrode material, by
providing numerous active sites for efficient faradic redox reaction. From this, NFO
embedded on GCs represents a promising electrode material for advanced energy storage
applications. This feasible material and facile fabrication method can open up various
avenues to develop novel functional materials for different applications.
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CHAPTER 6
CNTs Wrapped Hexagonal Zn-Ni-Co Ternary Oxide Composite: A Potential Electrode
Material for Next Generation Supercapacitors
6.1. Graphical abstract
The electrode fabrication mechanism employed in the present study utilizes ZNC oxide (ZNC) /
carbon nanotube, it plays a pivotal role in determining the overall performance of a
supercapacitor.These CNT wrapped multi-cationic metal oxides having a homogenous
structure exhibited a high specific capacitance of 2360 F g−1 at a current density of 2A g-1.
An in –situ method is reported for fabricating ternary composite made up of CNTs and
ZNC hexagonal nanoplate .The resulting ternary ZNC exhibit high capacitance and
remarkable stability.

Figure 6.1. Graphical abstract shows the performance of the Zn-Ni-Co oxide (ZNC)/CNTs
hexagonal nanoplates.
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6.2. Introduction
In the past few years, the generation of clean, efficient, and renewable energy has become a
struggle, thereby driving intense scientific interest relating to the production, storage, and
management of this precious energy [1, 2]. Among the variety of electrical energy storage
devices, supercapacitors (SCs), also known as electrochemical capacitors, have drawn enormous
research and industrial attention because of their high power density and very long cycling
stability as compared to their counterparts such as batteries, fuel cells, etc. [3,4]. Initially, some
carbon-based electrode materials, such as activated carbon, carbon nanotubes, and graphene,
have been used as electrode materials, under the category of electric double layer capacitors
(EDLCs) [3,5].
RuO2 was initially used as a pseudocapacitive material with good electrochemical performance;
because of its high conductivity, excellent oxygen evolution, and efficient reduction reaction
activity, although it has a very high cost [6]. As a promising cathode catalyst, Co3O4 exhibits
high capacitance, a high capacity retention rate, and good bifunctional catalytic ability [7]. Liu et
al. [8] synthesized and used mesoporous Co3O4 nanocubes as supercapacitors with a specific
capacitance of 210 F g−1 at a discharge current density of 1 A g−1. Bulk Co-based metal oxides
often induce high toxicity, however, which limits the application of Co3O4 electrodes. Thus,
partially substituting for Co atoms with numerous environmentally friendly metal ions is
considered a feasible strategy to reduce the toxicity of these oxides [9].
Mn, Zn, and Ni can partly replace Co atoms when these elements are introduced into Co3O4 to
obtain a ternary oxide without changing its crystal structure. This is because the atomic radii of
Mn, Zn, and Ni are similar to that of Co. Mixed transition metal oxides, such as MCo2O4 (M=Ni,

162

Fe, Zn), perform well because of their multiple oxidation states and considerably high electrical
conductivity [10-12]. Ren et al. [13] developed a simple method involving a low-temperature
solvothermal process and subsequent calcination to synthesize flower-like CoMn2O4 spinel
microspheres for supercapacitor electrodes. They obtained a specific capacitance of 188 F g−1 at
a discharge current density of 1 A g−1. These achievements have enriched the related literature
and application of spinel materials in supercapacitor electrodes. Wu et al. [14] reported a simple
synthesis of mesoporous Ni0.3Co2.7O4 hierarchical structures with a remarkable electrochemical
performance in supercapacitors. Guan et al. [15] synthesized ZnCo2O4 nanowire cluster arrays
on Ni foam for high-performance supercapacitors by applying simple hydrothermal and postannealing methods in pure argon, and these arrays yielded high electrochemical performance
with high specific capacitance.
Recently, three-dimensional (3D) porous Zn-Ni-Co (ZNC)-CNTs that offer various advantages,
including better permeability and large specific surface area, resulting in reactive sites, have been
studied for practical applications in biomedical science, catalysis, sensors, lithium ion batteries,
and supercapacitors [16,17]. Moreover, studies on electrode materials that are directly grown on
conductive current collectors, including nickel foam and carbon cloth, as supercapacitor
electrodes have shown that this approach can significantly boost the electrochemical properties
of the electrode materials [18, 19]. Three-dimensional (3D) substrate supported hierarchical
architectures are interesting because of their large surface areas, easy electrolyte access to the
electrode, efficient electron transfer, fast ion transport, and good strain accommodation [20-24].
This method can not only achieve strong contact between the substrate and the electrode active
materials, resulting in great improvement of ion transportation, but also provides channels for the
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transportation of the charge. These properties are beneficial to maximize the utilization of
electrochemically active material.
Although numerous studies on binary transition metal oxides have been published, few studies
have described ternary transition metal oxides as supercapacitor electrodes. Wu et al. [25]
prepared hierarchical mesoporous ZNC ternary oxide nanowire arrays successfully supported by
nickel foam through a simple two-step approach: a hydrothermal method and subsequent thermal
annealing. The resulting ZNC ternary oxide electrode for supercapacitors exhibited remarkable
electrochemical behavior. Chen et al., [26] prepared ZNC oxide nanosheets with threedimensional hierarchically porous architecture by growing them on Ni foam through a simple
and efficient chemical bath deposition followed by thermal treatment. When used as electrodes
in supercapacitors, these nanosheets exhibited high specific capacitance, outstanding rate
capability, and superior cycling stability. Luo et al. synthesized nanostructured Mn–Ni–Co
(MNC) oxide composites, and the results showed that a maximum capacitance of 1260 F g–1
could be achieved within the 0.1 to 0.4 V potential range [27]. Another report by Li et al.
demonstrated a facile hydrothermal method to obtain aligned spinel MNC nanowires. The
resulting MNC nanowires showed a specific capacitance of 638 F g–1 at 1 A g–1 and exhibited
excellent cycling stability [28]. The electrochemical behavior of the above ternary oxides still
need to be improved, however.
Furthermore, until recently, there have been few studies on ZNC ternary oxides and their
application in supercapacitors. Compared with pure Co3O4 electrode materials, the ZNC
electrode materials would greatly reduce the cost and possess better safety performance.
Meanwhile, ZNC electrode materials (including contributions from cobalt, nickel, and zinc ions)
are expected to offer a synergistic effect towards redox reactions, relative to the corresponding
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single-component oxides. This effect is due to the fact that Ni provides high capacity and can
improve the active site density, conductivity, and roughness; Co offers increased electronic
conductivity; and Zn possesses good electrical conductivity, which can result in the improvement
of electrical conductivity and capacitive performance [29, 30]. Moreover, the incorporation of
several metal ions may yield multiphase metal oxides and introduce abundant structural defects.
This approach can also achieve improved stability and cycle life of the metal oxide electrode.
Furthermore, the electrochemical activity of ternary transition metal oxides is higher, and their
electronic conductivities are stronger than those of binary transition metal oxides, so that the
former is more favorable than the latter for applications in high-performance electrochemical
energy storage [30]. The introduction of CNTs resulted in increased conductivity and surface area of
ZNC. In addition, the lightweight but free-standing CNTs were able to wrap the ZNC hexagonal
nanoplates, so that a relatively high mass loading of CNTs on ZNC was easily attained. To improve
the electrochemical performance of ZNC materials at high rates, it is critical to develop electrodes
with a large amount of electroactive sites and to enhance the transport of ions and electrons in the
electrodes as well as on the electrode–electrolyte interface. Based on the considerations above, great
efforts have been made to grow electroactive nanostructures on conductive substrates to be directly
used as integrated electrodes for supercapacitors [31-33]. CNTs are generally regarded as promising
candidates for high performance electrodes due to their excellent conductivity, high specific surface
area, and high thermal and chemical stability [34, 35]. Therefore, the ZNC-CNTs hexagonal
nanoplates exhibits high specific capacitance and excellent cycling stability.
Herein, we report a facile and environment friendly strategy to prepare 3D nickel foam supported
porous ZNC-CNTs hexagonal nanoplate arrays and investigated their physical and
electrochemical characteristics as binder-free electrode material for supercapacitors. The ZNC165

CNTs electrodes yielded a high specific capacitance of 2360 Fg-1 at a discharge current density
of 2 Ag-1 and exhibited good cycling stability. All of this excellent behavior in terms of high
specific capacitance and good rate capability, as well as wonderful cycling stability, make the
nickel foam supported porous ZNC-CNTs hexagonal nanoplate arrays one of the most attractive
and promising candidates for supercapacitor electrodes.
6.3. Experimental procedure
6.3.1. Synthesis of Carbon Nanotubes (CNTs)
The initial CNTs were fabricated by the chemical vapor deposition (CVD) method [36, 37]. The
prepared CNTs were immersed in mixed acid with a volume ratio of 3 : 1 of H2SO4 (98%) to
HNO3 (65%) for 12 h, followed by washing to neutral pH and drying. All other chemicals used
in the present study were of analytical grade, purchased from Sigma Aldrich, and used without
further purification.
6.3.2. Preparation of ZNC-CNTs Nanocomposite
The ZNC-CNTs nanocomposite was synthesized by a hydrothermal method. The synthesis
involved the following steps: Different proportions of CNTs (13, 16, 18, 20, 22 and 24 mg) were
dispersed in 40 ml distilled water using ultra-sonication for a period of 30 min. Then, 1.74 g of
cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 0.892 g of zinc nitrate hexahydrate
(Zn(NO3)2·6H2O), 0.872 g of nickel nitrate hexahydrate (Ni(NO3)2·6H2O), 0.720 g of urea
(CO(NH2)2), and 0.148 g of ammonium fluoride (NH4F) were mixed with 80 mL of deionised
(DI) water. The reaction mixture and cleaned nickel foam were put into a 100 mL Teflon-lined
stainless-steel autoclave and kept at 150°C for 5 h. After the autoclave was cooled, the samples
were washed in an ultrasonic bath several times and dried at 80 °C for 12 h. Finally, the obtained
samples were put into a programmable furnace and annealed at 350 °C under Ar atmosphere
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with a ramping rate of 2 ºC min-1 to obtain the final product, which is ZNC-CNTs composite.
Pristine ZNC was prepared by the same method without adding CNTs.
6.3.4. Materials characterization

The morphology of the ZNC and ZNC-CNTs was determined using high resolution transmission
electron microscopy (HRTEM;JEOL JEM-2011) and scanning electron microscopy (SEM;
JEOL JSM-7500FA). Phase analyses were carried out using X-ray diffraction (XRD; GBC
MMA XRD), Raman spectroscopy (JY HR800 Spectrometer), and Fourier transform infrared
(FTIR) spectroscopy (Shimadzu FTIR Prestige-21). Surface area was measured using a
Brunauer-Emmett-Teller (BET) analyzer (Nova 1000). Pore size distributions were calculated
using the non-local density functional theory (NLDFT) slit-cylinder pore equilibrium model for
N2 at 77 K, as implemented in the Quantachrome software (v 3.0).
6.4. Electrochemical measurement
The working electrode was prepared by coating a homogeneous slurry of metal oxide, acetylene
black, and polyvinylidene fluoride in a weight ratio of 8:1:1 in N-methyl-2-pyrrolidone onto 1.5
× 1.5 cm2 pieces of Ni foam as the current collector. The electrode was then completely dried at
80 °C in vacuum. The mixed products were directly pressed into the nickel foam current
collector (1.0 × 2.0 cm2) as a working electrode and further pressed to a thin foil at 10 MPa
before each test. The mass of active material loaded on each electrode was about 0.86 -1 mg as
determined by a microbalance (Sartorius, BS124S) with an accuracy of 0.1 mg. All
electrochemical measurements were performed in 2 M KOH aqueous solution in a standard
three-electrode system for electrode materials. The Ni foam loaded with active material,
platinum foil, and Hg/HgO electrode were used as a working electrode, counter electrode, and
reference electrode, respectively. Cyclic voltammetry (CV) measurements were performed
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on an electrochemical workstation (CHI660B, Chenhua, Shanghai) in the potential range
of 0−0.55 V (vs. Hg/HgO) at different scan rates. The galvanostatic charge-discharge tests
were conducted on a LAND battery program-controlled test system. Electrochemical
impedance spectroscopy (EIS) measurements (CHI660B) were carried out by applying an
AC voltage 5 mV in amplitude over a frequency range from 0.01 Hz to 100 kHz at open
circuit potential. The material assembly procedure and a schematic illustration of the ternary
electrode are shown in Figure 6.1.

Figure 6.1. Schematic illustration of the CNT wrapped ZNC hexagonal nanoplate composites.
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6.5. Results and discussion
6.5.1. Structure and morphology
The phase of the as-prepared samples was first determined from XRD patterns of CNT, ZNC,
and the ZNC-CNT nanocomposite, as shown in Figure 6.2 The XRD pattern of pristine CNT
shows two diffraction peaks at 26.5° and 43.5° which can be indexed to the (002) and (101)
planes of graphite, respectively. All XRD diffraction peaks of the as-prepared ZNC electrode
materials can be indexed as the spinel structured phase of the space group Fd3m [38,39].

Figure 6.2. XRD patterns of a) CNTs, b) pristine ZNC, c) ZNC-CNTs hexagonal nanoplates
composite.
The thermal stability of the ZNC and ZNC-CNTs composites in air was examined by
thermogravimetric analysis (TGA). Figure 6.3 shows a comparison of the weight loss of pristine
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ZNC and the different ratio for the ZNC-CNTs nanocomposites. All ZNC-CNTs samples were
heated from room temperature to 850 °C under normal atmosphere at a ramping rate of 10 °C
min-1. The slight weight loss below180°C indicates a wide operating temperature range, and the
weight loss around 450°C was due to the oxidation of carbon. From this, the weight percentages
of CNTs in different ratios were observed to be 0, 13, 18, 20,22and 24 wt%. According to the
wt% of CNTs in the ZNC-CNTs composites, the samples were designated as ZNC, ZNC13CNTs, ZNC-16CNTs, ZNC-18CNTs, ZNC-20CNTs, ZNC-22CNTs, and ZNC-24CNTs.

Figure 6.3. TGA analysis of the ZNC and different ratio of the ZNC-CNTs nanocomposites.
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The morphology, size, and nanostructure of the samples were investigated by SEM, TEM, and
high-resolution TEM (HRTEM). The morphologies of the as-prepared samples were studied by
field emission SEM (FESEM). Figure 6.4(a-f) shows the SEM morphologies of the ZNC-CNTs
composites, revealing ZNC-CNTs in the form of hexagonal nanoplates with lateral sizes of 400–
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700 nm and approximately 200-250 nm in thickness. The CNT additives were uniformly
dispersed among the ZNC nanoplates. As can be seen, numerous CNTs were found to be wellgrown around the hexagonal nanoplates to form a composite structure. This CNT wrapped ZNC
network possesses the following advantages: 1) the CNTs work as charge carrier transport
channels, making the network conductive; 2) it provides massive electroactive sites for the
charge-discharge reactions; 3) it effectively prevents the agglomeration of ZNC nanoplates and
ensures the full utilization of the electroactive materials; and 4) it reduces the volume change of
the electrode materials during the charge-discharge reaction [40,41]. In short, this network plays
an important role in improving the conductivity and stability of the electrode materials.

Figure 6.4. FESEM images of a) ZNC–13mg CNTs, b) ZNC-16mg CNTs, c) ZNC-18mg CNTs,
d) ZNC-20mg CNTs, e) ZNC-22mg and f) ZNC-24mg CNTs hexagonal nanoplate composites.
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Figure 6.5. (a, b) FESEM images and (c, d) HRTEM images of CNTs at different
magnifications, (e) the corresponding SAED pattern.
Figure 6.5(a, b) shows FESEM images of CNTs at different magnifications, which illustrate the
large-scale and uniform features of the CNTs. The inner diameters of the CNTs are observed to
range from 30 to 40 nm, while the wall thickness ranges from 1.5 to 4.5 nm. The TEM images,
as shown in Figure 6.5(c, d), demonstrate the hollow nature of the CNTs. This shows the selective
etching property of nitric acid on the defect clusters of pristine CNTs, leaving pores in the basal planes
of the CNTs. The selected area electron diffraction (SAED) pattern in Figure 4e presents bright
electron diffraction spots in the Debye ring, corresponding to the d spacing of 0.338 nm for the
(002) lattice planes.
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Figure 6.6.FESEM images (a,b) at different magnifications of the ZNC, c) TEM image, and d)
HRTEM image showing the lattice fringes of ZNC, and (e) the corresponding SAED pattern.
Figure 6.6(a, b) shows FESEM images of the pristine ZNC, from which hexagonal nanoplates
are seen. The ZNC nanoplates were observed to have diameters of about 400-630 nm and
thickness of about 50-120 nm. Figure 6.6(c) shows a TEM image and (d) a HRTEM image of the
lattice fringes of the pristine ZNC. Figure 6.6(e) presents the corresponding selected area electron
diffraction (SAED) pattern, which reveals the crystalline nature of the porous ZNC hexagonal
nanoplate.
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Figure 6.7. (a-c) TEM images of ZNC-22CNTs, (d, e) HRTEM images showing the lattice
fringes of ZNC-CNTs, and f) the corresponding SAED pattern.
Figure 6.7(a-c) represent different magnified TEM images of ZNC-22CNTs nanocomposite,
which clearly shows the hexagonal nanoplate-like morphology of ZNC sheets. The diameters of
the nanoplates are 400-625 nm. The HRTEM images in Figure 6.7(d, e) show the lattice fringes
with spacings of 0.24 and 0.468 nm, corresponding to the (220) and (111) planes of spinel. The
selected-area electron diffraction (SAED) pattern in Figure 6.7(f) demonstrates polycrystalline
nature of the sample. The SAED patterns are composed of well-defined rings, which can be
readily indexed to the (111), (220), (311), (440), and (511) planes of spinel ZNC. The well
wrapped ZNC-22CNTs structure is considered to be more electrochemically active as
compared to the pristine ZNC sample. This CNT coating could be beneficial for easy
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access of ions and electrons to the active surfaces, consequently enabling fast conversion
reactions and resulting in better power performance. Also, since the CNTs can work as a
mechanical buffer, a large change in the volume of ZNC can be accommodated without
particle isolation from the CNTs, leading to improved cycling performance.

Figure 6.8. a) TEM image and corresponding b) zinc, c) nickel, d) cobalt, and e) oxygen EDS
elemental distribution maps, and f) EDS spectrum of pristine ZNC nanoplate.
Figure 6.8 presents a TEM image of the ZNC and elemental mapping of pristine ZNC, which
demonstrates the presence of zinc, nickel, cobalt, and oxygen. Comparison of the energy
dispersive spectroscopy (EDS) mappings of pristine ZNC and ZNC-22CNTs clearly shows the
presence of a thin layered uniform carbon coating on the ZNC hexagon for the ZNC-22CNTs
system. Figure 6.9 presents a TEM image of the ZNC-CNTs composite and the corresponding
EDS mapping. This elemental mapping provides clear information on the elemental distribution
within the hexagonal nanoplates and further confirms that the ZNC structure is well wrapped by
layered CNTs.
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Figure 6.9. Elemental mapping of ZNC-22CNTs showing the presence of (a) Zinc (inset: TEM
image of ZNC-22CNTs) (b) Nickel, (c) Cobalt, (d) Oxygen, (e) Carbon, (f) combined Zn, Ni, Co,
O, and C mapping of the ZNC-22CNTs composite.
The BET testing was performed to evaluate the specific surface area and pore-size distribution of
the ZNC-CNTs composite and pure ZNC as shown in Figure 6.10 From the profiles, the specific
surface areas of the CNTs, ZNC, and ZNC- 22CNTs were calculated to be 228.467, 154.789, and
205.974 m2g-1, respectively. Important structural parameters were derived from the isotherms
and are tabulated in Table. 6.1. There were no obvious differences between the materials,
although the composite sample showed better surface area as compared to the pristine one. The
structures were further characterized using Barrett-Joyner-Halenda (BJH) model of pore size
distribution, as shown in the Figure 6.10 .The pore distributions were relatively narrow for both
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samples, which indicates a high specific surface area, providing rich electroactive sites and short
diffusion paths for charge transport. These features are believed to be beneficial for application
in supercapacitors.
Table 6.1. BET and BJH parameters.
Samples

BET specific
2

BJH pore
volume

-1

surface area (m g )

Average pore size
( nm)

-1

(cc g )
CNTs

228.467

3.68E-01

10.6

ZNC

154.789

5.25E-02

7.7

ZNC-22CNTs

205.974

8.03E-02

10.5
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Figure 6.10. (a, c ,e) Nitrogen adsorption and desorption isotherms of CNTs, ZNC, and ZNC22CNTs composite, while (b, d, e) shows the corresponding BJH pore size distributions.
Raman spectroscopy plays a critical role in the characterization of materials, and it was
employed in this study to gain information on the structure and defects of the CNTs in the
composite materials. Figure 6.11 a) shows the Raman spectra of the ZNC and ZNC-22CNTs
composite. Peaks of the ZNC- 22CNTs were clearly observed at 1327.5, 1594.2, and 2648 cm−1,
corresponding to the D, G, and 2D band, respectively, whereas the peaks at 471.8, 516.3, and
668.7 cm-1 belong to the Eg, F2g and A1g modes of ZNC.
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Figure 6.11. a) Raman spectra of the ZNC and ZNC-22 CNTs hexagonal nanoplates, b) FT-IR
spectrum of ZNC and ZNC- 22CNTs hexagonal nanoplate composite.
A fourier transform infrared (FT-IR) study in the range of 4000–500 cm−1 was carried out in the
present investigation. The FT-IR spectra of the ZNC and ZNC-22CNTs nanocomposite are
shown in Figure 6.11b. The identified peaks at 1010, 1627, 2384, and 3498 cm-1 represent
different vibrations of C-O, C=C, C-H, and O=H bonds. The presence of additional peaks at
1627 and 1990.5 cm-1 for ZNC-22CNTS, which possibly occurred due to the lattice strain arising
from the mismatch in the coefficient of thermal expansion between the ZNC and the CNT during
the synthesis [42].
The electrochemical performance of electrode systems can be determined using different
techniques, including cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) curves,
and electrochemical impedance spectroscopy (EIS) using a three-electrode system. To find the
optimal CNT concentration in the ZNC-CNT composites, different electrochemical performance
tests were carried out (Figure 6.12). Figure 6.12(a) presents the CV curves of the ZNC and
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different ratio of the ZNC-CNTs nanocomposites at a scan rate of 2mVs-1. A pair of redox peaks
was observed in all the CV curves, which demonstrates the typical pseudocapacitance
performance. The specific capacitance values of ZNC, ZNC-13CNTs, ZNC-16CNTs, ZNC18CNTs, ZNC-20CNTs, ZNC-22CNTs and ZNC-24CNTs were calculated to be 1233,
1380,1665, 1832, 1998,2188 and 2165 Fg-1, respectively, from the CV curves (Figure 6.12(a)).
Figure 6.12(b) shows the speciﬁc capacitance variation as a function of CNT content. It is shown
that, as the content of CNTs increased, the ZNC-22CNTs system showed an improvement in the
speciﬁc discharge capacitance. The reason for this improvement could be attributed to a) the
effective charge collection, b) the reduced diffusion length, and c) the improved BET active
surface area, provided by the CNTs in the ZNC-CNTs composite system. The BET surface area
of the ZNC-22CNTs (205.974 m2·g-1) was observed to be larger than for the pristine ZNC
(154.789 m2·g-1) system. The larger specific surface area could result in significantly increased
electrochemically reactive sites and better penetration of the electrolyte into the whole electrode,
which would generate high supercapacitive performance. Furthermore, EIS analysis (Figure
6.12(c)) and cycling performance studies (Figure 6.12(d)) were also carried out to find the
optimal electrode. By considering all the electrochemical characterizations, the best performing
electrode was observed to be ZNC-22CNTs, will henceforth refer to this sample, unless
otherwise specified.
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Figure 6.12. a) CV curves of ZNC arrays for various CNT to ZNC ratios, b) specific capacitance
vs. carbon content plot, c) Nyquist plots recorded between 1 Hz and 100 kHz, and d) cycling
performance of ZNC-CNTs hexagonal nanoplates composite for various CNT to ZNC ratios.
Figure 6.13(a, b) shows the CV curves of the ZNC-22CNTs composite and ZNC samples at
different scan rates. The specific capacitances for ZNC-22CNTs were found to be 2118, 1778,
1590, 1270, 1106, 1052,and 1006 F g-1 at scan rates of 1, 5, 10, 20, 30,50 and 100 mV s-1,
respectively, On the other hand, the specific capacitance values for the pristine ZNC electrode at
the same scan rates are 1220, 1256, 1134, 1106, 988, 864 and 702F·g-1, so the values for ZNC22CNTs were found to be much higher as compared to the pristine ZNC sample at all scan rates.
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This result further confirms that the ZNC-22CNTs electrode possesses great storage capacity and
a high rate capability. Further, GCD measurements were carried out at various current densities
from 2 Ag-1 to 8 Ag-1 (Figure 6.13(c, d)). The corresponding specific capacitances of the ZNC22CNTs electrode were calculated to be 2276, 2216, 2183 and 1866 F·g-1 at different current
densities of 2, 4, 6, and 8 Ag-1, respectively. On the other hand, the capacitance values for
the pristine ZNC samples were 1680, 1414, 1375, and 1012 F·g-1 at different current
densities of 2, 4, 6, and 8 A.g-1. This further demonstrates that the ZNC-22CNTs electrode
shows better storage capability and higher rate performance. In both cases, the specific
capacitance reduction with increasing scan rate or current could be attributed to low entry
of the electrolyte into the electrode bulk and/or insufficient time to complete the redox
reactions. This suggests that ZNC-22CNTs has better electrochemical activity as compared to
the pristine ZNC sample.
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Figure 6.13. a) CV curves at different scan rates of ZNC-22CNTs hexagonal nanoplate
composite, b) CV curves of ZNC at different scan rates, c) charge/discharge curves at different
current densities of ZNC-22CNTs hexagonal nanoplates, and d) charge/discharge curves of ZNC
at different current densities.
Further, to compare the electrochemical performance of pristine ZNC and ZNC-22CNTs
nanocomposites, CV and GCD were conducted using three-electrode mode in 2 M KOH
solution. Figure 6.14(a) presents the CV curves of supercapacitor electrodes prepared from
both ZNC-22CNTs hexagonal nanoplates and pristine ZNC at 2 mVs-1 scan rate in the
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potential range of 0.0 to 0.55 V (vs. Hg/HgO). A pair of redox peaks could be found in each
CV curve, which represents the reversible reactions of Zn+2/Zn3+, Co3+/Co2+, and Ni3+/Ni2+.

The GCD curves of ZNC and ZNC-22CNTs are shown in Figure 6.14(b). These curves also
demonstrate the pseudocapacitance of ZNC-22CNTs composite and ZNC.
Also, the interactions and synergism between ZNC and CNTs promote fast electron transport,
resulting in strong redox features of Zn+2 ↔ Zn3+, Co+2 ↔ Co3+, and Ni+2 ↔ Ni3+ in the
ZNC-CNTs composite. Figure 6.14(c) shows the Nyquist plots for the electrodes recorded from
0.01 Hz to 100 kHz. The linear region in the lower frequency range is indicative of capacitive
behavior of the electrodes. The decrease in the solution resistance (Rs) value for the ZNCO22CNTs (0.21 Ω) as compared to pure ZNC (7.3 Ω) could be due to the enhanced electronic
conductivity of ZNC-22CNTs provided by the CNTs. This lower Rs value could be favourable in
terms of better rate power performance [26-32]. The smaller semicircle, indicating a smaller
charge transfer resistance (Rct) for ZNC-22CNTs (2.5 Ω) as compared to ZNC (10Ω),
demonstrates the lower electrochemical resistance of the composite system compared to the
pristine sample. Figure 6.14(d) shows the cycling stability curves of ZNC-22CNTs and pristine
ZNC electrodes at a current density of 2 A g–1. The ZNC-22CNTs composite system shows
excellent cycling stability with ~96% capacitance retention for 10000 consecutive
charge/discharge cycles. The pristine ZNC sample, however, could only retain 90% of its initial
capacitance at the end of 10000 cycles at the same current density. This improved cycling
performance could be due to the synergism between the ZNC and CNTs. The results discussed
above clearly confirm that the ZNC-CNTs hexagonal nanoplates have excellent electrochemical
performance with good rate performance and high power/energy density, which could be
deduced from the following factors.
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Figure 6.14. a) CV curves of the ZNC and ZNC-22CNTs, b) charge/discharge curves of ZNC
and ZNC-22CNTs hexagonal nanoplate composite, c) electrochemical impedance spectra, d)
cycling performances of ZNC and ZNC-22CNTs hexagonal nanoplate ,and e) Ragone plot of the
ZNC- 22CNTs nanocomposite.
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First, by using a nanocomposite conductive support such as CNTs, ZNC can be dispersed over a
large area, effectively preventing further growth by agglomeration and ensuring that the active
electrode materials are fully utilized. Therefore, in addition to providing double-layer
capacitance, through the introduction of CNTs, the specific surface area of the hybrid is
increased, and the contact is improved between the electrode and electrolyte. Secondly, CNTs
have superior conductive performance and good mechanical properties with excellent
environmental stability. These individual CNTs could form a three-dimensional conductive
network in the electrode, helping to improve the electrode's electrical conductivity and
facilitating the transport of electrons and ions within the bulk electrode material [43].
Energy density and power density are the two important factors for to evaluate the practical
applications of supercapacitors, these have been obtained using the following two equations [44].
E = 1/2 × C × (ΔV) 2

(6.1)

P = E/Δt

(6.2)

Where C is the mass capacitance of the supercapacitor, E represents the energy density, P denotes the
power density, ΔV is the potential drop during the discharge process, and Δt is the discharging time.
Figure 6.14(e) presents the Ragone plot of the ZNC-22CNTs supercapacitor device. The device
showed highest energy density of ~50 W h kg−1 at a power density of 355 W kg−1. Compared with the
other reported values, the composite system in the present work showed better results, which makes
the ZNC-22CNTs composite device a promising candidate for energy storage.
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6.6. Conclusions
In summary, ZNC-CNTs hexagonal nanoplates were synthesized by a facile two-step approach
involving a hydrothermal method followed by calcination process. This composite material
demonstrated a high capacitance value of 2360 F g-1 at 2 A g−1 and an excellent cycling
performance with 96% capacitance retention, even at the end of 10000 cycles. The ZNC
nanocomposite showed a power density of 355 W/kg and a maximum energy density of 50
Wh/kg, respectively. Furthermore, the introduction of CNTs to wrap the ZNC hexagonal
nanoplate resulted in great advantages, such as increases in conductivity and surface area. The
synergistic effects of CNTs and ZNC are responsible the superior properties of the composite
system, which include excellent capacitance, high rate performance, and good cycling stability.
The superior performance makes this ZNC-22CNTs composite a potential candidate as an
electrode material for supercapacitor devices. Furthermore, the facile and feasible material
preparation technique employed in the present study can be easily extended to the preparation of
other ternary oxide based composites with controlled structure.
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CHAPTER 7
Conclusions and Outlook

7.1.Conclusions
The present investigation has been mainly focused on spinel structured multi-cationic composite
electrodes for pseudocapacitor applications. Different graphene based secondary phases were
incorporated in the primary spinel electrode materials to enhance the electrochemical
performance of the pseudocapacitor devices. To investigate the roles of a) addition of secondary
phases, b) processing conditions, c) synthesis technique, and d) morphology on the redox
properties, three different spinel-structured multi-cationic oxide composites were fabricated. The
primary goal of this doctoral work has been to understand the electrochemical properties of the
composite materials to ensure the maximum utilization of active material for superior
pseudocapacitor electrode devices.
In the first phase, MnCo2O4 nanoflake/graphene nanoplatelet composites were synthesized
successfully via a hydrothermal technique by changing the amount of NH4F. The MnCo2O4
nanoflakes in combination with the graphene nanoplatelets were deposited on Ni foam using an
electrophoretic deposition technique. The as-prepared composite electrode showed superior
performance in terms of specific capacitance and cycling stability as compared to the pristine
MnCo2O4 system, due to the enhanced electronic conductivity resulting from bond formation
between carbon and MnCo2O4. A high specific capacitance of ~ 1323 F g-1 was observed at 1
mV·s-1 scan rate. Good cycling stability was observed, even at the end of 10000 cycles of
consecutive charging and discharging at a current density of 7.81Ag-1.
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In the second phase, the study tried to profitably exploit reduced graphene oxide (rGO)
nanosheet as a conducting unit to enhance the electronic conductivity by a simple hydrothermal
technique assisted by ammonia hydroxide to improve the overall electrochemical performance of
NiCo2O4 in pseudocapacitors. The as-prepared NiCo2O4-rGO nancomposite consisted of
NiCo2O4 hexagons wrapped in conducting rGO sheets, which ensured a short ion diffusion
distance, percolating electron conducting pathways, and stable structural integrity. Such a
feasible design provided good synergism between the rGO and the NiCo2O4, thus resulting in
better electrochemical performance. As a result, this nanocomposite displayed impressive overall
electrochemical performance, in such aspects as promising capacitance (1185 F g-1 at a current
density of 2 A g-1) and remarkable cycling stability (98% capacitance retention after 10000
charge-discharge cycles at 2 A g-1) .
In the third phase, the prime focus was on the development of novel structured NiFe2O4 (NFO)
nanoparticles embedded on graphene capsules (GCs) by a simple hydrothermal technique. This
NFO–GCs electrode material was subjected to different types of electrochemical performance
evaluation to investigate its feasibility as a supercapacitor electrode. The as-prepared NFO–GCs
nanocomposite electrode exhibited a high specific capacitance of 1028 F g-1 at a current density
of 2 A g-1 and 94% capacitance retention at the end of 10000 cycles of charge–discharge,
whereas pristine NFO electrode showed 720F∙g-1 specific capacitance with 88% capacitance
retention. The high specific capacitance, good rate capability, and excellent cycling stability of
the NFO–GCs composite can be attributed to the effective synergism between the GCs and the
NFO. In the final phase. This composite material demonstrated a high capacitance value of 2360
F g-1 at 2 A g−1 and an excellent cycling performance of 96% retention even at the end of 10000
cycles. The ZNC nanocomposite shows a power density 355 W/kg and a maximum energy
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density of 50 Wh/kg, respectively. The introduction of CNTs in the ZNC hexagonal nanoplate
resulted in great advantageous, such as increase in conductivity and surface area. The synergistic
effect of CNTs and ZNC caused the superior properties of the composite system, the superior
properties includes, excellent capacitance, high rate performance and good cycling stability.
By comparing the four studies the best performing spinel based electrode was found to be the
Zn-Ni-Co oxide/CNTs nanocomposite electrode in terms of specific capacitance, MnCo2O4GNPs nanocomposite and NiCo2O4-rGO in terms of energy density and power density. The
overall conclusion is given in the table below (Table 7.1).
Table 7.1. Comparison of supercapacitors based on different spinel structures.
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7.2. Future Outlook
This doctoral work has been mainly focused on the development of electrode materials for
pseudocapacitors. Besides the spinel-structured multi-cationic transition metal oxide materials
for pseudocapacitor electrode, appropriate carbon based counter electrodes, electrolytes and
binders also need to be explored and developed to facilitate the commercialization of the next
generation of pseudocapacitor devices. In addition to the aforementioned systems, some further
research efforts could be conducted based on the doctoral work as follows:
2D nanosheet based electrode materials are attracting more interest due to the high market
demand for bendable electronic devices. Some kinds of 2D nanosheet systems have been
explored in this doctoral work, and the initial results showed that they have potential to fabricate
flexible next-generation energy storage devices. To optimize their electrochemical properties,
more focused research should be conducted, which includes electrode and nanosheet thickness
adjustments, tuning the particle size, etc. Apart from this, different in-situ characterization
methods, such as in-situ Raman spectroscopy, in-situ TEM, and synchrotron radiation and
neutron diffraction, could be beneficial to evaluate the intermediate surface kinetics, chemical
bonding, and related structural and compositional changes during the redox processes. Another
approach is to combined computational and experimental methods to evaluate and investigate the
optimal electrode materials and performance for commercial applications. Thus, a future
systematic study combining all the aforementioned suggestions could solve the existing
problems with pseudocapacitors and could eventually lead to commercialization.
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